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SUMMARY
Xn this thesis, the structure determinations 
of four molecules have been carried out by tbe application 
of the heavy atom method of x-ray crystal structure 
analysis. The thesis is divided into fIve parts; part 
one is concerned with a brief theoretical account of some 
of the methods used in crystal structure analysis.
Part two describes the: analysis of the 
s e s q u i t e r p e n e , oC- caryophyllene alcohol, in the form of 
its para-bromo benzene sulphonate d e r i v a t i v e , A 
considerable amount of organic degradative w ork had been 
u n d e r t a k e n  on this compound before its analysis was 
attempted by x-ray methods, but very little progress had 
been made in d e t e rmining its structure. The bromine atom 
was easily loco ted, and the structure was very readily 
determined. Least squares refinement has reduced the 
agreement index, R, to 12.6^.
In part three, the de t e r m i n a t i o n  of the structure 
of the c a l a b a s h - c u r a r e , i s o c a l e b a s s i n e , is described. A 
considerable amount of information was available r e g a rding 
the major portion of the chemical structure of isocalebassine 
w h e n  the analysis of this structure was started.
However, the crystal structure and the position of the 
atoms in the molecule were not known, and this analysis 
e s t a blished the correct structure and stereochemistry of 
i s o c a l e b a s s i n e . Crystals of i s o c a J e b a s s i n e - O - m e t h y 1 
ether were studied, as the di-iodide derivative. it was 
not possible in this analysis I, o obtain great accuracy in 
the atomic parameters, and consequently finer' details of 
the m o l ecular fra m e w o r k  have been o b s c u r e d . The 
structural parameters have been refined by the method of 
least squares to an agreement index, R, of
Several years a g o , Dr. G. Ferguson of this 
U niversity began the investigation of the "overcrowded" 
halogenobenzene derivative, h -br omo- 1-n 11 r o benzoic acid, 
but abandoned the project. This analysis has been resumed 
and is described in part four of this thesis. Refinement 
the structural parameters to an agreement index, R, of 9 • 5% 
has been carried out, and the resiilts obtained clearly 
establish that, in the solid state, the nitro group of the 
m olecule is twisted out of the plane of the benzene ring 
by a significant amount.
The final chapter of' this thesis describes an 
attempt to determine the struclure of the complex^bis — 
t etraphenyl arsonium mercuric t e t r a b r o m i d e . Parameters 
have b een evaluated for the mercury atom and the four 
bromine atoms. The results obtained show that the four- 
bromine atoms form a distorted tetrahedron round the 
m e r c u r y  atom. Re f inement of these parame ters has reduced 
the agreement index to a value of R = 28.9'$.
TABLE OE CONTENTS
M r -
PREFACE
SU M M A R Y
PART 1
SOME METHODS OF X-RAY CRYSTAL
STRUCTURE ANA LYSIS
1.1 Introduction 1
1.2 Diffraction by a crystal 3
1.3 Factors affecting intensity 8
1.3-1 The atomic scattering factor 8
1.3-2 The temperature factor 9
1.4 The relation between intensity and 12 
structure amplitude
1.5 The structure factor expression 14
1.6 F o u rier series 17
1.7 The phase problem and methods of solution 19
1.7-1 The trial and error method 19
1.7.2 The Patterson map 20
1.7.3 The heavy atom method 23
1.7.4 The isomorphous replacement method 25
1.7.5 Inequalities 27
1.8 Methods of refinement 29
1.8.1 Fo u r i e r  methods 29
1.8.2 The method of least squares 31
1.9 A c c u r a c y  of x-ray structure analysis 34
X-RAY ANALYSIS OF 
4 - B R O M O - 3 - N I T R O - B E N Z O l C  A C I D .
4.1 Introduction 91
4.2 Experimental 98
4.3 Structure determination and refinement 101
4.3*1 Structure determination 101
4.3*2 Structure refinement 104
4.4 Results of the analysis • 106
4„5 Discussion of results 108
PART 5 
PA R TIAL X - R A Y  ANALYSIS 
OF T H E  STRUCTURE OF 
B1S -TETRA PHENYL A RS 0 NIUM 
MERCURIC TETRABROMl'DE.
5.1 I n t r o d u c t i o n  115
5.2 Exper i m e n t a l  11?
5.3 D e t e r m i n a t i o n  of the space group 120
5.4 Partial solution of the structure 123
5.5 Results of the analysis 127
5.6 Dis c u s s i o n  of the results 128
REFERENCES 132
'PART 1
SOME METHODS OF X-RAY CRYSTAL
STRUCTURE ANALYSIS.
1.1 INTRODUCTION.
By the (' i.r s t decade of' l!a twentieth century, 
a large store of knowledge had been built up concerning- 
the external habit of crystals, and their three dimensional 
symmetry. However, little was known about the internal 
arrangement of atoms, ions, or molecules in crystalline 
matter. In the year 1912, it was observed that the 
r e c e n t l y  discovered x-rays were diffracted by crystals, 
in much the same way that a beam of ordinary light was 
diffracted by a grating. This discovery was due to von.
L a u e . This opened the way, not only to a greater 
understanding; of crystals, but also to the understanding- 
of the nature of x - r a d i a t i o n .
Very complex calculations are required, to 
derive the pattern of atoms in a crystal. In the early 
days of crystallography, only very simple substances 
could be investigated witn any hope of success. As more 
and more of these simple substances were examined by x-rays, 
however, it became possible to tackle inorganic structures 
of increasing complexity. In the case of organic 
chemistry, it was first of all n e c e ssary to establish 
the structures of the fundamental types of m o l e c u l e ------
such as those of benzene and naphthalene, and different 
p a r a f f i n  chains. Once these were known, the structure 
analyses of complex substances , such as phthalocyanin.es, 
terpenes , and steroids could be carried, out.
Since the advent of the electronic computer, 
the time required for these ealeula lions has been /'neatly 
reduced, and very large m o l e c u l e s , such as proteins and 
nucleic acids, can now be investigated by this method.
The result of this is that x - ray crystallography now 
plays an i n c r e asingly important part in research,and 
the elucidation of many complex organic and inorganic 
structures w o u l d  prove impossible without its aid.
1.2 DIFFRACTION MY A C R Y S T A L .
A crystal cons is ts o f‘ groups of’ a toms rope a ted 
at regular intervals wi to the same o r* i on ta. I. i. on , m i t h r o e
dimensions. Suppose each group of atoms is replaced by
a representative point; the collection of points so formed 
is the lattice of the crystal . Toe cond.i t Lons for
diffrac tion by x-rays depend solely on la!e lattice ,
irrespective of the crystal structure.
A s s u m i n g  that each lattice point Is the site of 
an electron, the positions of these electrons can he 
defined 'by the ends of vectors _r such that
r = ua + vb + wc
where a, b, and _c are the primitive translations of the 
lattice, and u, v, and w  are integers.
W h e n  an electron is located in the path of an 
x - r a y  beam, it is forced to oscillate by tie electromagnetic 
field of the x-rays impingjug on it. Due to this, the 
electrons act as sources of secondary radiation, and in 
order to find the total effect of these secondary waves, 
it is n e c e s s a r y  to consider the phase differences between 
the waves scattered in any particular direction.
h.
In the dia g r a m , A arid B a re two lattice points 
separated by a vector disLance r, and HD and AC are 
lines drawn in the i.ncjdent and d.j i' f’rac tod wave fronts 
respectively. A parallel beam oJ\ x-rays of wavelength 
falling on the lattice in a di roction defined by toe 
vector S o , and having- magnitude 1/X , is scattered in a 
d i r e ction defined by the vector S, also having magnitude
i/X.
The path difference between the scattered waves 
is BC - AD = X ( e -£ " E-So)
- X  • ihii
where R = _S - So,
The condition for the wave scattered at A to be
in phase wit!) the wave scattered at- B is I.ha I. I-he path 
difference must be a whole number of wavelengths.
Titus (u a + vb + w£) . _R must be integral.
Since u, v, and w change by integral values, 
then each of the products separately must; be integral.
It follows that 
a.R = h 
b .R = k 
£ . R  = 1
where h, k, and 1 are integers.
These equations are known as the LAUE equations, 
and w h e n  they are simultaneously satisfied, a diffracted 
beam of maximum intensity will be produced.
BRAGG'S L A W .
W.L. BRAGG identified the integers h, k, and 1 
of the Laue equations with the Miller indices of the 
lattice planes, and thus use could be made of these 
equations to interpret x-ray spectra and to determine 
the structure of crystals.
(>.
The Laue equations may be .rewritten in the form
a/h.R = 1 
b/k.R = 1  
c/l.R = 1
By s u b t racting these equations in pairs, the following 
relationships are obtained
(a/h - b/k).R = 0 
(a/h - jc/l) . R = 0 
(b/k - c/l).R = 0
The vector R is therefore at right, angles to the 
vector (a/h - _b/k), and similarly is at righ t angles to 
both (a/h - c_/l), and (_b/k - _c/l) . Tiiese are vectors 
in the plane of the Miller’ indices likl (I'i^ g. 1), and thus
R is perpendicular to this plane.
Since R is a vector in the direction of the 
bisector of the incident and diffracted beams, (fig. 2 ), 
the bisector is identified with the normal to the hkl 
plane. This justifies the concept of each diffraction 
as a "reflection" of the rays from lattice planes.
Fig. 1.
2  S m 0
Fig. 2.
The perpendicular distance of' llic plane from 
the origin, d, is the projection of a/h, _b/k, or c/l 
on the vector R. That is
_ a./h.R
h i
F r o m  the Laue equations, a./h .R = 1 , and from 
fig. 2 , |R| = 2 sin B/X Therefore,
d = X/2 s i n 0  jor X = 2 d sin 0 .
This equation is known as IIRAGG ’ S LAW.
1.3 FACTORS AFFECTING INTENSITY.
In section 1.2, the scattering units wore assumed 
to be electrons in order that their linear dimensions 
could be neglected in comparison, with both the space 
lattice dimensions and with the wavelength, of the 
x - r a y s .
1.3.1 THE ATOMIC SCATTERING F A C T O R .
In atoms, the electrons occupy a Finite volume, 
and accordingly, phase differences exist between rays 
scattered From diiferent points in this volume. Thus, 
the intensity of the resultant beam is reduced.
The scattering factor of an atom r whose electron 
d e n sity is p  (uvw) is given by the expression
—  oO
where (uvw) are coordinates referred to the atomic centre.
The scattering power of the atom is a function 
of the angle of scattering, and of the distribution of 
electrons in the atom. For small angles of diffraction,, 
the phase differences mentioned above are small, and the 
scattered amplitude will approach Z, the atomic number
^ (u v w ) exp 27T i (hu+kv+Iw) dudvdw
of the atom. As the angle of chi fTraction ;i n r re as e s , 
the phase differences become larger, and thus Idie 
scattered beam becomes weaker; that is, the scat ter in^; 
factor becomes less than. Z. The factor is ('ailed the 
atomic scattering factor and if the a tom i s as s urn e d to 
have spherical symmetry, the atomic scattering; factor is 
constant for a given angle of diffraction.
1.3.2 THE TEMP E R A T U R E  F A C T O R .
Atoms in crystals vibrate at ordinary temperatures 
w i t h  frequencies much lower than those of x-rays. Thus 
the electron density of any given atom will not be 
spherically symmetrical around the centre of the atom, 
but will be 'smeared' in some way. This has the effect 
of mod i f y i n g  the atomic scattering factor of the atom. 
Therefore, atoms w h ich should scatter in phase, will 
scatter slightly out of phase; this introduces further 
phase d i f f e r e n c e s , resulting in a reduction in intensity.
it is a very complex matter to make an accurate 
allowance for thermal motion.
Approximate allowance can be made by Lisin;'- the; faclor
f = fo exp ( -B sin^ 0 / \ )
In this expression, 0  is the Bra; *7’; an;»;le, to is 
the atomic scattering factor for atoms at rest, and B, 
the Debye temperature factor, is a. constant.
This constant, B, is related to the me;m square 
displacement u , of:’ the atoms from their mean positions; 
the r elationship is
2 - 2  
B = 8 T C  u
The use of the above expression for the scattering
factor’ implies that all atoms vibrate wi th equal
amplitudes. Tliis is not strictly true, and in general
every crystallographically independent atom in a unit
cell will have different thermal v i b r a t i o n s , since this
depends on the surroundings of the atom, as well as on
its inertia. Another assumption implied by the above
expression is that the thermal vibrations are equal
in all directions of the crystal. This is not
ne c e s s a r i l y  true, and in many molecules the vibrations
are marke d l y  anisotropic. In the anisotropic case,
the vibrations of an atom are described in such a way
that the mean square amplitude of vibration, in the
di r e ction of a unit vector 1 = (l ,1 ,1 0 ) is
1 2 J
1 1 .
3 3
u 2 - T Y
L-jk L ( ij l j
± = 1  j = 1
or
u = U 11l l + U 2 2 12 + u r / 3
+ 2U23121^ + 2U^11^11 + 2U.|21112
(since TJ = U ^ 2 , etc.)
U  and 1 are here defined with respect to the
4^
r e c iprocal axes a , b , c , so that the component of 
U in the (1,0,0) direction parallel to a is
-  2U = U
1 A  T H E  REL A T I O N  BETWEEN INTENSITY AND STRUCTURE
A Mb LIT UP 10 .
The total energy reflected by Uie volume dV 
in. the course of a single pass of (die crystal through 
the r e gion of the lira,'1;,"; reflection is gi ve11 by
T / I o  X 3 N 2 d V  v ■ , e U  , , » „,2
I = (    ). (----5 T\. ) * L -P*I1 1 where
in*' c
1 o= the intensity of the incident radiat.i on.
^  = tire waveleng'tli of tire x-i’adiation .
N = the number of unit cells per unit volume. 
dV= the volume of the crystal.
(jJ = the angular velocity of the crystal, 
e = the charge on tire electron, 
m = the mass of the electron,
c = the velocity of light.
L = the "Lorentz" factor, 
p = the polarisation factor.
1. = the factor representing the resultant scattered 
by a single unit cell.
This expression should hold only for minute crystals, 
but it is found that it is applicable to many c o mparatively  
large crystals, the crystal in fact behaving like a 
mosaic of small blocks.
1 'j.
The Lorentz factor is a measure of Idie varying; 
times crystal planes spend in the ref lec ting pos.it ion, 
and varies wit h  the type of photograph. For’ equatorial 
reflections on a normal rotation photograph i L i s 
1/ sin 2 0 . Expressions for equi- iuclinat i on Vci.ssejiber/i 
photographs have been given by T u n e l l  (1919).
In the above expression the factor p j.s the 
p o l a r i s a t i o n  factor; in all the usual experimental 
arrangements, the x-ray beam is unpolarised, and this 
has the effect of reducing the intensity of the x-ray 
beam by the factor p, which is equal to -— -— 77— — ^ 0 _
In addition to tJiese factors of simple 
geometrical origin for w h i c h  allowance must be made in 
the conversion of intensities to structure amplitudes, 
there are some further factors which can arise in a 
less simple fashion, that is, absorption and extinction.
X-rays are absorbed by matter. For crystals 
completely bathed in the x-ray beam, it is jjossible to 
calculate absorption c o r r e c t i o n s , but the calculations 
are laborious and time consuming. Small crystals are 
g e n e rally used, in order to eliminate absorption as 
much as possible. Further corrections may be applied 
to account for primary and secondary extinction.
1 /*.
1.5 THE STRUCTURE FACTOR EXPRESSION.
The crystal lattice described so tar Ls ojlc
in •which atoms of Finite size are located with their
m ean positions at lattice points. Most crystals,
however, are m uch more complicated than this; a.
certain arrangement of atoms exists within cacti, unit
cell. We rnay regard any one set of corresponding
atoms in the different unit cells as lying'- upon, a
lattice, and thus a crystal w i t h  N atoms in the unit
cell can be regarded as based upon N congruent
i n t e r p enetrating lattices, each of w h ich will obey the
Laue and Bragg c o n d i t i o n s , but the different lattices
w i l l  be, in general, out of phase. The intensities
of the scattered rays will thus depend upon the atomic
arrangement w i t h i n  the unit cell.
The position of the jth atom situated at the
,y ., and z . are fractions of 
J J
the unit cell v e c t o r s , can be r e p r e sented by the vector
r . , where 
-J
r. = x.a + y.b 4- z.c .........................(l)
“ J J- J- J~
t 3  .
The path difference be tween flu* waves scattered
by these atoms, mid those that would be scattered by a
set of atoms at the points of t,lie lattice that define
the origins of the unit cells is Xjc..k . Thus the
e x p r ession for the complete wave scattered by the jth
lattice contains a term f . exp 2 ITi r . . It, where f . is
J “  J — J
the scattering factor of the jth atom.
Thus the expression for the complete wave
s cattered by the crystal is the summation over such
t e r m s .
N
F = ) f . exp 2*]Yi r . ,R
L J J ~ J  “
j=1
S u b s tituting the value of r from ( 1 ) , we have 
N
F = / f . exp 2 7Vi (x .a.R+y . b.R+z . c.R)
L— i J J J J
j=1
NE
j  =  1
f . exp 2 7Ci (hx. + ky . + lz .) 
J J ' J J
The quantity F is a function of h, k, and 1, 
and is called the structure factor. F is a complex 
quantity, which can be represented by a modulus , |f  (hkl )|> 
known as the structure amplitude, and a pintse constant, 
OC(h k l ).
1 6 .
The structure fuel; or can be evalual-od by means of' (die 
expre ss i. on
( F ( hkl ) | = J J 7  h 2
C^(hkl) == tan b/A 
N
where A = > , f. cos - 2 TT( hx . + ky . + 1 z )
J j j j
N
and. B = ] f . sin 2 TV (fix . + ky . + Iz . )
J=1 J J J J
This is valid Tor all crystals, whatever their 
symmetry, but whenever there is a centre of symmetry at 
the origin, there is no need to calculate the sine terms, 
since in aggregate they must add. up to zero. The 
resultant therefore can be obtained by summing the 
cosine terms only, and the possible phase angles are 
thus limited to 0 or 7 T, depending- upon whether the 
expression for A is positive or negative.
If ^ ( x y z )  is the electron density at the point 
(x,y,z), the amount of scattering material in the volume 
element dxdydz is ^.d x d y d z .  For the general case, 
where the crystal axes, a, b, and c, are inclined at any 
a n g l e s , the number of electrons in the volume element 
w ill be ^ ( x y z ).V / a b c .d x d y d z , where V is the volume of 
the unit cell.
17.
The structure factor equation becomes
a, b/ c,
F(hkl) = V/abc J J f p( xy/) exj) 2 7T i (Iix+ 1 zj . dxd ydz
o o o ^ b c
JL. 6 F O U R I E R  S E R I E S .
A periodic function can be rejxresentod by an
appropriate sum of cosine and sine terms known as a
Fo u r i e r  series. Since a crystal is periodic in three
dimensions, its electron density cam be neatly
re p r esented by such a series in the form 
GO
FEZ^(xyz) = > ) ) A(pqr) exp 2 7Ti(p x / a + q y / b + r z / c )
where p, q, and r are integers , and A(pqr) is the f'ourier 
coefficient of the general form.
In order to evaluate this series and thus obtain 
the electron density at any point in the crystal, it is 
n e c e s s a r y  to calculate the coefficient A (p q r ). This series 
for 0 (xyz) is substituted in the general expression for 
the structure factor, giving
a b c oo
f \ ( U l
F(hkl) = V/abc > > /_ A ( [iqr ) exp2 7Ti ( px/a+qy/b + r Z»/c )
o o o —  CO
exjj2 i ( hx/a+ky/b+ lz/c ) rJxdydz
On integrating, every term is zero, except that for which 
p = -h, q = - k , and r = -1, which gives
a. b c
F  ( t i k i ) =  V / a b c  f l J  A ( h k l )  d x  d y  d z  = V A ( J i k l )
o o o
Therefore, A(jikl) = F(bki)/V
In o ther words, the Fourier coefficient , A, is 
d i r e c t l y  related to the corresponding structure factor. 
The electron density, 0  , is given by
oo
t
(xyz) = y  y  /  F ( h k l ) exp -27T I ( hx/a+ky/b+ lz/c )
h , k , 1 = -oo ^
The zero term of the series is a constant, and is
g i ven by
a b c
F(000) = V/abc M  € ( xyz) dx dy dz
= Z (the sum of the electrons in the unit 
cell)
The Fourier’ series above can be more conveniently 
w r i t t e n  q q
e ( xyz ) = / / /If ( hkl )| cosj 2 'frhx/a+2 TCky/b +2 irlz/cL Jrm L  v -oe(tuci)]
where o((hkl) is the phase angle associated w i t h  each 
structure factor.
17.
1.7 THE PHASE PROBLEM AND METHODS OK S O L U T I O N .
It has been shown (;hat Die electron density 
of' a crystal can be obtained from structure i'actors.
T he structure factor, E(hkl) can bo portrayed as a 
complex number characterised by a structure amplitude 
| F (hkl )l. and a phase an^le , cb ( hk 1) . The values of 
the structure amplitudes can be derived from the 
observed intensities, but no experimental means exist 
for recording the phases. This constitutes the ph. ase 
p r o b l e m .
1.7.1 T HE T R I A L  AND ERROR M E T H O D .
To solve a crystal structure by this method, 
it is nec e s s a r y  to postulate an atomic arrangement 
that conforms with the space group symmetry, and to 
find what structure amplitudes this arrangement would 
give; these calculated amplitudes must then be compared 
w i t h  the observed values. If these amplitudes agree 
w i t h  each other, then the postulate is correct, but 
violent disagreements indicate that the postulation is 
wrong. This procedure is continued until the correct 
result is obtained.
2 0 .
The trial structures are arr i.ved at by various 
methods. Use is made of any symmetry c o n s i d e r a t i o n s , 
d i s t r i b u t i o n  of x-ray intensities, experience gained from 
other similar crystals, and so on. This method could 
require m any calculations before the correct result is 
obtained. A method of circumventing these calculations 
is to make use of the Fourier Transform of a set of 
atoms. Holes representing the atomic positions in 
p r o j e c t i o n  of the proposed structure and the atom tyrpe 
are punched on a mask. The diffraction pattern in 
parallel light represents the required Fourier Transform, 
and this can be compared with the corresponding weighted 
r e c i procal lattice. In this w ay possible structures can 
be quickly tested, and the number of possibilities 
r e d u c e d  to a manageable quantity.
1.7.2 TILE PATTERSON M A P .
The vector representation of a crystal structure 
was developed by Patterson in 193^- and 1935* Tn this 
approach, the unknown phases of the structure factors 
are temporarily ignored. Instead of using the structure 
factors, the squares of the structure amplitudes are 
used as coefficients; these are directly related to the 
observed intensities.
The Patterson function ca.ii be expressed as 
1 1 1
A(uvw) = ~  I I I  e ( x y ^  ) • ^  ( x+ u j y + v , z + w )dxdydz
o o o
In this expression, 0 (x+u, y+v, y+w) 
represents the dis tribution of scat ter ing matter about 
the point (xyz) expressed in terms of u, v, and w . It 
is similar to 0(xyz) but displaced from the point (xyz) 
by a vector whose components are u, v, and w respectively,
V is the volume of the unit cell.
If the two functions ^(xyz) and ^(x+u, y+v, z+w) 
are expanded by expressing them in terms of the corresponding
Fo u r i e r  series we have
oo
A (u v w ) = i/v2£ I X | d h k l )l 2 exp 2 7 f l (h u + k v + l w ).
— oo
Since the Patterson function is cen tros ymrne tr.i. e a l , this
equation simplifies to
oo
A ( u v w ) = i/v2£ Z D F (h k i )| ^ cos 2 ‘Tf ( liu + k v+ I w ) .
oo
A ( u v w ) w i l l  o n l y  b e  l a r g e  w h e n  b o t h  the e l e c t r o n  
d e n s i t y  d i s t r i b u t i o n s  are l a r g e ,  a n d  t h i s  is the s i t u a t i o n  
w h i c h  a r i s e s  i f  an a t o m  is s i t u a t e d  at b o t h  ( x y z )  a n d  
( x + u , y + v , z + w ) .
Consequently, every pair of atoms in the unit ceil w i 11 
give rise to a " p e a k ” in the Patterson map, and the 
funct i o n  thus shows a superposition of ail the interatomic 
v e c t o r s .
This would appear’ to bo the solution of the phase 
problem; however, the number of Inter-atomic vectors 
obtained even for a very small structure may Ire quite 
considerable, and for large structures, the number 
becomes very large indeed, and the vector map becomes 
c o r r e s pondingly complex, resulting in overlap of peaks.
Xt can easily be shown that, for a s true ture containing 
N atoms in the unit cell, there will be N peaks 
superimposed at the origin, and a further N ( l \ l - l ) / 2  peaks 
in the Patterson function. The chance of so many peaks 
being resolved is very slim indeed.
There are certain special sections, known as 
Ilarker sections (1 9 3 6 ), which may be useful in solving 
the Pat t e r s o n  distribution. Provided the crystal has 
certain elements of symmetry, then specific vector peaks 
m a y  arise on definite line or plane sections through 
the unit cell.
23.
Fo r  example, in the space group IJ2 2 2 , special vectors
arise on the planes (u, v, ■£) , (u, w) and (£, v, w).
Thus, a Tull three dimensional computation may not be 
n e c e s s a r y .
1.7.3 THE HEAVY ATOM METHOD.
The "height" of the peaks on the Patterson map 
is p r o p o rtional to the product of the atomic numbers of 
the two atoms involved in each peak. Therefore, iT the 
crystal contains a relatively small number of atoms with 
a h igh atomic number, the height of' the peaks produced 
by interatomic vectors between these atoms will be large, 
and the peaks will "stand out" against a background of 
smaller overlapping peaks, produced by interatomic vectors 
between the lighter atoms. IT the heavy atom positions 
are simply related because oT the symmetry of:' the crystal, 
it n ow becomes a relatively easy bask to evaluate the 
coordinates oT these atoms.
F r o m  the coordinates oT the heavy atoms, it is 
possible to calculate phase angles Tor each reTlection. 
Since the contribution oT the heavy atoms to the phases 
outweigh the contribution oT the lighter atoms then 
these phase angles ( ) will be close approximations to
the correct phase angles Tor the molecule as a whole.
2/4.
It is n o w  possible to compute a Fourier summation, using 
the observed values of the structure amp1 1 t u d e s , ami the 
h e a v y  atom phase angles. Sim (1917, 19(> I ) has shown that
it is possible to predict what percen fa/ye of' the structure 
Factors have almost correct p h a s e .angles based on the 
h e a v y  atom phase angles alone. This percentage is 
dependent on r, where
s 2 -  d > „ 2 > / < E * \ >
W h e n  r is equal to 1, for example, then in the
centrosymmetrical case, about 80^ of the phase angles
have been correctly determined, while in the non-
centrosyinmetrical case, 38*^ of the phase angles lie 
©
w i t h i n  +_ 2 0 of the correct phase angle and this 
becomes 6 7% when r increases to 2.
From the Fourier synthesis carried out using
the h e avy atom phases, it should be possible to "pick 
out" some or all of the features of the structure. New
phase angles can n ow be calculated, and these should be
a closer approximation to the correct phase angles.
These n ew phase angles are now used in the calculation 
of another Fo u r i e r  summation. This process is repeated 
until the structure analysis is complete.
The deter m i n a t i o n  of the s true Lures of’ the ph Lhaloeyanines 
(Robertson, 1935, 19 36, Jfobert soil and Woodward , 1937 and
19^ 0 ) present classical examples of’ 111e power of tfie heavy 
atom method.
However, there are drawbacks to this method.
Since most of the structure amplitudes are derived from 
the h e a v y  atom contribution, the remainder of the molecule, 
the part which u s u ally is the most interesting;, must be 
d e r ived from the smaller fraction of the structure 
amplitudes. A d d i t i o n  of a heavy atom to a structure may 
also lead to high absorption errors, which can also 
reduce the accuracy of the data.
1.7.4 THE ISOMORPHOUS R E P L A C E M E N T  M E T H O D .
These drawbacks to the heavy atom method can be 
overcome if two different heavy atoms can be substituted 
successively in the molecule without al tarring- the overall 
crystal structure. In this case, it is not necessary for 
the contribution of the h e avy atom to outweigh the 
contribution of the rest of the molecule. This method of 
phase determination was first extensively applied to 
organic structures in the case of the phthalocyanines 
(Robertson, 1935 and 1936).
This method is most easily appl.i cub'l e to 
cen tro s ymme tri cal crystals, although it is possible to 
use it in non-een Lrosymme tri cal cases. Two i.somo rphous 
derivatives of the type (A + B) and (A + O) are prepared, 
so that only part of the structures .are different. B and 
C are usually heavy a t o m s , whose positions can be found 
by a pplication of Patterson syntheses in the normal manner. 
The observed values of the structure amplitudes must be 
plac e d  on the same absolute scale. Assuming exact 
isomorphism, we have
f (a + b ) = f (a ) + f (k ) 
f (a + c ) = f (a ) + f (c )
Structure factors F ( 13) and F(C) can be calculated. 
Therefore, by comparing the differences in F(b) and 
F ( c )  with the differences in F(A+13) and F(A + C), it 
becomes possible to assign phases to both F(A+B) and 
F ( A  + C )  .
In the non-centrosymmetrical case it is possible 
to assign phases to the various derivatives by using a 
graphical method, and by making use of three isomorphous 
d e r i v a t i v e s .
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1.7.5 INEQUALITIES.
This method oT overcoming- the phase problem 
makes use of relationships between structure /.'actors, 
and was first discovered by barker and Kasper, (1 rjkH).
It is convenient in examining these relationships to 
make use of the 'Unitary Structure Factor' , u(h) » 
w h i c h  is defined by
u ( h )  = F ( h ) / 2 2  r  
j = i J
Thus, U(h) gives tlie structure factor as a fraction of 
its possible value.
To derive the inequalities of Marker and Kasper, 
use is made of Cauchy's inequality, which states that
where a. and b . are any real or complex numbers. By 
J J
a pplication of this inequality relationship to the 
u n i t a r y  structure factor, the result shown below is 
o b t a i n e d .
|u(h)j2 ^  1.
This applies to the most general case where the crystal 
has no symmetry, and merely defines the; unitary structure 
factor.
When there is a centre of symmetry p r e s e n t , the 
u n i tary structure fee tor may be; written
N
U(h) = n . cos 2 ir ( hx ./a+ky ,/b+ lz ,/c )
J J J J'
where n^ is simply the fraction of the total electrons 
present in any particular atom 'j'. Application of 
Cauchy's inequality to this expression gives
| u ( h ) |  2 ^  J + g g l i )
where U(h) is Tj(hkl), and ll(2h.) is U(2h, 2k, 2l).
These relat Lonships car be used to der Lve phase 
information. F or example, suppose that a value for a 
pa r t icular reflection U (h ) is measured. If this value 
turns out to be greater than \ then the inequality is 
only satisfied if U(2h) is positive. A large number 
of other inequalities can be derived, and thus direct 
phase d e t e r mination can be accomplished.
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1.8 METHODS OF R E F I N E M E N T .
Once a structure has been, completely determined, 
an elf or t is ^ejioral ly made to obtain the host possible 
agreement between the observed and calculated structure 
amplitudes, and at the same time improve the phase 
angles. In order’ to do this , it is necessary to make 
adjustments to the positional and thermal parameters 
a l r e a d y  obtained for the structure. This process is 
k n o w n  as refinement.
1.8.1 FOURIER M E T H O D S .
The simplest method of refinement is that of 
successive Fourier’ syntheses. An electron density map 
is calculated, and from this new map improved coordinates 
for the atoms may be calculated. These new coordinates 
are n ow used to calculate a cycle of structure factors, 
and the structure factors obtained are used to calculate 
another Fourier map. This process can be repeated 
m a n y  times if necessary.
The true electron density is represented by an 
infinite series, while, in practice, the number of terms 
w h i c h  are included in such a summation is limited in 
number, this being mainly due to the wavelength of the 
incident radiation.
This results in d i ffr;u: L i,oji ripples surround i n/'; true 
peaks on the Fourier’ map, and causes the peeks to be 
displaced from their correct positions. This is 
called the termination of series error.
A method of overcoming this difficulty was 
suggested by Booth (19^6). Two F o u rier series using 
the same terms are computed, one using- observed structure 
amplitudes as coefficients (Fo), and the other using 
calculated structure amplitudes as coefficients (Fc).
Both these F o u rier syntheses will be subject to series 
t ermination errors, and both will have the atomic 
coordinates shifted by some distance from their true 
positions. However, in the case of the Fc Fourier 
synthesis, specific coordinates have been inserted into 
it, and the same coordinates should be deduced from it.
On account of the series termination errors, these two 
sets of coordinates will be found to differ, and if the 
difference between them is subtracted from the coordinates 
obtained in the case of the Fo F o u rier synthesis, 
appro x i m a t e l y  the correct atomic coordinates should be 
obtained. This correction is known as a "back-shift" 
correction.
A second way in which Fourier syntheses may be 
used for refinement is the "difference synthesis".
This approach, which uses (Fo-Fc) as Fourier coeff i cients , 
was first suggested by Booth ( 19^8a), and has been 
discussed by Cochran (195.0* <*- proposed structure
is correct in every way, then a flat featureless map 
is produced with only slight undulations caused by 
random errors in the original data. If the structure 
is not correct, then large undulations will appear.
If the known atomic positions are superimposed on the 
map, then the direction in which they must be moved in 
order to attain their true position is that of tiie 
steepest contour ascent. Errors in temperature factors 
are also indicated by large positive or negative peaks 
at an atomic site, and the temperature factor can be 
adjusted to compensate for this.
1.8.2 T HE METHOD OF LEAST S Q U A R E S .
W h e n  the structure parameters differ by small 
amounts from their true values, it is possible systematically 
to vary the parameters in such a way that the discrepancy 
b e t ween the observed and calculated structure factors is 
minimised. This method of refinement, first introduced 
by Hughes in 19^-1, is known as the "least squares" refinement 
of atomic parameters.
The 'function which is min un i sec) is 
R = ILj w * (Jlkl) ( ( F o ( 11 k I ) | - | Fc ( I ik J.) |  (1)
q
w h e r e 'q'is the number of independent observations, ' w ’ 
is the weighting factor for each term, and is used 
because the { F o ( values of each term cannot be determined 
with the same accuracy. Various weighting schemes have 
been developed, all of which attempt to make ’w T 
inversely proporti onal to the variance of | i'oj . When 
the value of R is close to a minimum, then the above 
function is minimised in the following way.
Let p^ , p   , p be the n parameters on
which \ Fc\ is dependent. These may be coordinates, 
thermal parameters or scale factors. Then, for R to be 
a minimum, we must have
^ R / b p ,  = 0 ( j = 1 , 2,  n ) .... (2)
J
i.e. F  w.(hkl). A .  r>, = o ................ ('})
q J
where A  = lFo| - [Fc \ .
For a set of p. close to the correct values, A  
J
may be expanded as a function of the parameters
+ e) = Z ^ ( r ) - S   (4 )
i= 1
where e^ is the error which, when added to the parameters, 
gives the correct value.
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Substituting' equation (^) in equation {'’>), we have 
V  I J IE!! w^|Pc\ / cb p . .^|Pol / ^  p . 1 e . = w . I f c\ p .
±=^ I hkl L JJ 1 hkl 1
f o r ,j = 1  ......n
n
i.e. y  I a . . e . = b .
i=1 1J " J
where a u  = S  w c H h d  /b P x - iFct p .
and b . = V  ^  w  . ^  I P c I /^> p . .
J hkl J
These n equations are known as the "normal 
equations", and it is these normal equations which must 
be solved in order to refine a structure. Successive 
applications of this procedure lead to the bos t j)°ssit>le 
atomic coordinates and thermal parameters for the 
structure, compatible with the accuracy of the original 
data. The main advantage w h ich the least squares 
procedure has over the Fourier method of refinement is 
that it is free from series termination errors.
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1 * y A C C URACY OF X-IMY STRUOT1JUE ANALYSIS .
The process of re finemen t is the attempt to 
make the calculated s fcructure amplitudes approach as 
closely as possible bo the observed structure amplitudes. 
It is therefore convenient to have some means by which 
the measure of agreement between |1 o [ and ^ F c ( can 
be indicated. Such an expression is known as the 
agreement i n d e x , and is obtained from
R = XI lF°l - kd \
Thus during tlie process of structure analysis and the 
early stages of refinement, the value of R should always 
be decreasing.
When the final atomic coordinates of a molecular’ 
structure have been attained, then, their accuracy can be 
assessed by calculating standard deviations ( & ) .  If 
the standard deviation is s m a l l , then the position of the 
atom has been determined accurately. Tire standard 
deviations can be derived from the least squares residuals 
by application of the equation
ar"2 (u ,) = / > . A 2 . / ( m - n ) ^ ^ w ( d A / ^ U  )2
J •* J
where m is the number of independent observations and n
is the number of parameters to be determined.
Having; obtained (die bes t possible atomic coordinates , 
the normal procedure is to calculate various molecular 
parameters, such as bond lengths and anodes, us tup; standard 
trigonometric formulae. Measurements obtained for these 
parameters will almost inevitably deviate from standard 
accepted values, and it is now essential to discover 
w h e t h e r  any differences from standard values are due to 
experimental error, or whether they are significant.
The standard deviation of a bond length between 
two atoms is given by the equation
<T2 (AB) = ( rf2 (A) + (J* 2 ( I! ) )
where C^(a ) and ^(b) are the standard deviations of the 
positions of atoms A and B.
The standard deviation of the angle ( in
radians for an angle formed at 13 be tween the bonds AB 
and BC is given by (Cruickshank, 1953)*
2 cos ^  + 1cJ'2 ( £  ) = a" ( A ) + rf2 (u)
A B 2 A B .BC BC 2 B C 2AB
A n y  errors w h ich occur may be expected to be random, and 
therefore m a y  be expected to show a normal Gaussian 
dis t r i b u t i o n .
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The probability, P, that any observed difference frorn the 
expected value of the bond length or an gl e j .s due to chance 
only is given in terms of C? by
P = 5% 1.6/45<r
P = 1 f A  = 2 .32? (T
p = 0 .1#  £ ±  = 3 . 0 9 0  6 ^
That is a difference of 3 (5^  ancJ over may be taken as being 
significant (Cruickshank, 19^9).
A final method of checking on the accuracy of a 
structure is to calculate series of planes through atoms 
w h i c h  might be expected to be planar. The significance 
of deviations from a plane calculated in this way is 
assessed by application of the test (fisher and
Yates, 1957). I-1'1 this, the value of is found from
the expression ^
where is the deviation in K of an atom from the 
calculated plane, and CT Is the mean standard deviation in 
X of the atomic positions. By c a l c u l a t i n g ^ ^  from the 
above equation, the probability that no atom deviates 
si g n i ficantly from the calculated plane can be found. If 
the p r o b a b i l i t y  is less than 1$., then i t is likely that one 
or more of the atoms included in the mean plane calculation 
does deviate from the p l a n e .
PART 2.
THE STRUCTURE OF oL-CARYOPI fYLLENE ALCOHOL:
X - RAY ANALYSIS OF OC-OARYOPHYLLENE ALCOHOL
p-BROMO BENZENE S U L P H O N A T E .
2.1 INTRODUCTION.
The emergence of the name 0C-cary o pi i y J Lone 
alcohol was duo to toe ori^'inal work in. 1922 hy the 
Japanese workers, Asahlna and Tsukamoto on the 
sulpiiurie acid treatment oi' caryopii y lleno ( l), which 
is toe major sesquiterpene constituent oT oil of 
cloves. From this reaction, tnree rearrangement 
products were isolated; these were, the unsaturated 
hydrocaroon, clovene (2), and the two isomeric alcohols, 
w n ich they designated C^-caryopi 1 yllene alcohol and 
^  -caryophyllene alcohol (l). oL~ caryo pi1 y J 1 e n o alcohol
is the minor product o 1' this rearrangement of caryophyllene 
yielding about krfo of the total reaction product.
Not until 1930 did Bell and Henderson attempt 
to carry out a more systematic investigation of the 
chemistry of oC-caryophyllene alcohol. They found 
that on dehydration, p(-caryop!iyllene alcohol yielded 
an unsaturated hydrocarbon. Investigation of the 
properties of this hydrocarbon led these workers to the 
conclusion that it was clovene.
Whe n  the structure of clovene had been firmly 
establislied, it was possible , on the basis of the 
results of Boll and Henderson, to postulate' ei ther 
structures (4) or (5 ) tor o(-car yopl 1 y lien e aJcohol.
In 1934, however, in the course of work on cai’yopii yllene , 
Ba r t o n  and JSlickon prepared the clovan.-2-ol (4), and it 
was found that tuis compound was not identical with
-caryophyllene alcohol.. Structure ( 3 ) could also be 
rejected.
In 1951> Dev reported that the sesquiterpene 
humulene (6), which is biogenetically related to 
caryophyllene, under identical conditions of rearrangement 
gave a crystalline, tricyclic, fully saturated alcohol, 
ap p a rently identical with oC-caryophyllene alcohol.
Rober t s ( 1 9 3 3 ) f o u 1 i d by gas -1 i. qu i. d 
chromatography that commercial c a r y o p h y l l m m  m m t a i n e d  
about 10% humulene. He therefore subjected pure 
samples of caryophyllene and humulene to treatment with 
concentrated sulphuric acid in ether. Isolation of the 
rearrangement products from each reaction showed that 
humulene yielded oC-caryophyllene alcohol, whereas no 
trace was observed in the case of c a r y o p h y l l e n o .
(1 )
OH
(3)
HO
(2 )
HO
( M
(5) (6 )
(7 )
12.
(8)
Hence, the structure of oC- c; u :• y o pi i y liei i e alcohol 
has to be explained in terms of a molecular rearrangement 
of huinulene, and not caryophylie.no, as previously 
a s s u m e d .
What has been detailed up to now was the sum 
total of the reported work on oC-caryophyllene alcohol, 
w h e n  the x-ray analysis of the para-broruo benzene 
sulphonate derivative (8) was undertaken.
The results of the x-ray investigation 
established the constitution and stereochemistry (7 ) 
for oC~caryophyllene alcohol. Classical degradative 
procedures allowed Nickon et.al. {^^6h) to arrive 
almost simultaneously at an identical result.
4 0 .
2.2 EXPERIMENTAL.
- caryophyllene alcohol para-b:roirio l)eiizene
sulplionate has molecular formula C H 0 S hr. The
<=- I 2 ‘1 )
m o l e cular weigirt is 441.4, and the crystal melts 
sharply at 147-14»°C.
Rotation, oscillation, Weissenberg, and 
pre c e s s i o n  photograplis were taken with copper 
( X= 1 .542 R ) and molybdenum K-OC ( 0.7107 R )
radiation. The cell dimensions were determined from 
r o t ation and p recession photographs and from these the 
f o l l owing values were obtained;
a = 12.65 + 0.05 R
b = 10.82 + 0.03 R
c = 16.43 ±  0.04 R
£  = 107° 1 3 ’
The volume of the unit cell was calculated
u s ing the expression
V - abc sin ^
and was found to be 2124 R^.
Inspection of the Weis s e n b e r g  photographs showed
that the ab sent spectra are hOl when 1 is odd, and OkO
w h e n  k  is o dd. C o n s e q u e n t l y ,  the space- g r o u p  is
uniquely determined to be P2 /c.
1
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The density is 1„4() g / m i . , and consocjuontly the 
n u mber of molecules in the unit cell, given hy 
11 = d V / 1 .66 M
is Tour. This number of molecules leads to a calculated
density of 1.38 g/ml.
The calculated linear absorption coefficient Tor
_ -|
copper K-oC radiation is 39*2 cm . The total number of 
electrons per unit cell, F(000), is 900. The value 
obtained for " ^ f  for the 1 heavy' bromine atom is 
1 2 2 5 , while that obtained for "^jj^f^" for the ’light' 
atoms is 1233* Hence, the value of r, which can be 
found from the expression
r 2  =  " Z 4 h 2 " / ,T 4 l 2 ''
was found to be 0.99*
Intensity data, which were recorded using small 
crystals, completely bathed in a uniform x-ray beam, 
were obtained from equatorial and equi-inclination ujiper 
layer W e i s s e n b e r g  photographs, taken from crystals rotated 
about the needle axis (b-crystal axis); in this way, the 
reciprocal lattice nets h O l , .......... ,h81 were recorded.
The multiple film technique (Robertson, 1943) was 
employed.
k'2 .
The intensities were esti.muted visually by compar i sou 
with a calibrated intensity strip, and were; c orrec ted 
for Lorentz, polarisat ion and rotation lectors appropri ati 
to the upper layers (Tunell, 19'39)- Thus, this procedure 
leads to a set of / values on a relative scale. In 
all the total number of independent observed structure 
amplitudes was 202 1.
Since small crystals were used, no corrections 
for absorption were applied. Various layers were placed 
on the same absolute scale by comparison of the observed 
and calculated structure amplitudes obtained from the 
P a t terson function. Throughout the refinement, the 
scale was adjusted by correlation with the observed and 
calculated structure ainpl i tudos , l-o ensure that
2 > o V  = £ l F c b
Vj
2.3 STRUCTURE DETERMINATION AND REF INE, .E..T .
The equivalent positions of' I; ho space croup
P 2 / c are
x , y, z; 
x » i-Yj J + z ;
-X, i+y, i-z;
-x, -y, -z.
The vectors to be expected between bromine
atoms w i t h  one molecule in the asymmetric unit are
-2x , -2y , -2z ;
Br Br Br
~2xB r ’ 2 i ?-2 *B r ;
° ’ ^ _2 yB r ’
In addition, the vectors expected between
bromine and sulphur atoms are
XS -XB r ’ y S " yBr ’ ZS ~ ZBr ; 
x c-xT?^ , J + y c + yT, ,i+z_-z.S B r ’2 S Br ’2 S Br ’ 
S + XB r ’^ yS-yBr ^ +ZS + V  ;
X S+XB r ’ y S+yBr ’ ZS+ZBr *
By examination of the Harker sections at 
(U,-jr,W) and (0,V,-§-) it was possible to determine the 
coordinates of the bromine atom.
62
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It was also possible, by making use o T llie eoonl i uul.es 
already obtained for the bromine alom, n.nd also i; ho 
interatomic vectors de tailed on page 4 ') , to determine 
the coordinates of the sulphur atom. The barker 
section at V=h is shown in fig. 1 . The peek marked 
A on this map was chosen as represen ting the bromine- 
bromine vector. The coordinates of the Irroini.ne and 
sulphur atoms were confirmed by consultation of the 
appropriate sections of the three d irnerisional Patterson 
f u n c t i o n .
Since the bromine and sulphur atoms were known 
to be p a r a -related across the benzene ring, it was 
possible, using standard values for valency bond lengths 
and trigonometric formulae, to calculate approximate 
coordinates for the two carbon atoms directly bonded 
to the heavy atoms. Therefore, the atomic coordinates 
determine from the three dimensional Patterson function
were
C(16)
c( 19)
S(1 )
Br(l)
x/ a
0 . 1 8 2 5 0  
0.40000 
0 . 5 3 9 7 5  
0 o 0372 3
y/b 
0.17382 
0 . 15464  
0.14181
0 . 1 8 6 3 7
z/ c
0 . 0 9 8 7 5  
0 . 2 1 2 5 0  
0.28980
0 . 0 2 5 3 7
ac/2
0 1 2 3 4 o
Li__t i 1_i J -1 I i I
Fig-. 1 . The Harker Section at V = \ .
;lh.
Structure factors were caJ oula. fed using these 
coordinates , employing; isotropic; temporaTuro factors of 
U  = 0.05 -X (where U = u", the mean square unipi LtucJe o f 
vibration). This led to an agreement index, R , o V 
k6.0fa, over all observed structure amplitudes. The 
criterion adopted for selecting structure fac tors whose 
phases were approximately correct was to reject all 
those for which |Fo l >  2 |'Fc| . i'hus , of the 202 1 
independent structure amplitudes, 179^ (or apjjroximately 
88^) were deemed to have been safely sign de to rtriined in 
the structure factor calculation.
F rom the first three dimensional Fourier 
calculation, it was possible to distinguish all the atoms 
in the structure. C(12), C(l4), and 0 ( 1 5 ) were poorly
resolved, and it was therefore decided to exclude them 
from the second structure factor and phasing; calculations . 
Since the nature of all the atoms was clearly defined, 
twenty-three ligh i; atoms were included as their 
appropriate chemical type in the evaluation of a second 
set of structure factors. The isotropic temperature 
factors employed were once again U = 0.05 A ,  and this 
led to an overall agrecmert index, R, of ')h .h°fr>; i.e. an 
overall decrease in R of 11 .h'fo or O .ryfo per ex fra, a, fom 
i n c l u d e d .
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18 39 of these reflee tions were rep; a ruled as safely sign 
determined, and were used in the compu fa I, i on of a new 
Fo u r i e r  s yn 111 e s i s .
This three dimensional Fourier synthesis showed 
all the atoms (with the exception of hydrogens) clearly 
resolved. Including all the atoms as I,ho ir appropriate 
chemical type, and once again employing; an overall 
isotropic temperature factor of U = 0.03 ^ , a further 
set of structure factors was calculated, and this led 
to an agreement index of 26. 3^- The subsequent 
electron density distribution was calculated using- the 
observed structure amplitudes and the imjrroved phase 
constants. Corrections for series termination errors 
were applied to the atomic coordinates by calculating 
"back-shift" corrections from a three dimensional |Fc| 
Fourier synthesis computed using the same phase constants 
( B o o t h , 1946 ) . By comparison of the peak heights of
both these Fo u r i e r  syntheses, adjustments were- made to 
the individual isotropic thermal parameters. Refinement 
of the coordinates and the isotropic thermal parameters 
was continued by this method for another two cycles, and 
resulted in a reduction of the agreement index to 22.6'fo.
'17.
A nisotropic temporatu.ro factors wore calculated 
and refinement of' these parameters mid the atomic 
coordinates was continued by the method of least- squares. 
A f ter four cycles, the |Fo | values were rescaled, and 
a further one cycle of least squares termina.tod the
refinement at R = 12.6$. A diagrammatic representation
of the course of the analysis is provided in Table 1.
T h e o retical atomic scattering factors were 
e mployed for the structure factor calculations; those of 
Berghuis e t .a l . (1955) for carbon, oxygen, and sulphur, 
and the Thomas-Fermi (1935) values for bromine. The 
w e i g h t i n g  scheme used in the least squares refinement 
was
i f  | f ° |  ^  16.00 ^ ’w’( h k l )  = 1
i f  | F o |  ^  1 6 . 0 0  J  w ( h k l ) =  1 6 . 0 0 / |Fo (h k l  ) |  .
TABLE 1
COURSE OF THE ANALYSIS
OPERATION ATOMS INCLUDED Rill
Br + S + 18(C) + 3 (0 ) 
Br + S + 21(C) + 3 ( 0 )
3D Patterson synthesis -
1st 3D Fourier synthesis Br + S + 2 ( c )
2nd 3D " "
3rd 3D " "
4th 3D " "
5th 3D " "
1st Least Squares Cycle 
2nd " "
3rd n "
4th " "
|Fo | Values Rescaled 
5th Least Squares Cycle
46.0 
34.4 
26.3
23.1
22 .4
18.7
15.7
14.8
14.0
12.8 
12.6
;i8 .
2.k RESULTS OF T HE A N A L Y S I S „
The final atomic coordinates Lor one molecule
are listed in Table '3. The .final anisotropic
temperature factors yiven by the least squares refinement
are listed in Table k . These are the Individual values
of U. . which are riven by the equation 
ij
q(hkl) = exp j^-2 (iJ ^ jhi^a^+ U ^ k ^ b * ^  +
+ 2U,, l h c * a ^  +2U„ k l b * c *  + 2 U ,„hka*b*)
31 2 ) 12 U
. The standard deviations of' the atomic coordinates, 
w h ich are listed in Table 5? were calculated from the 
least squares residuals as explained in section 1.9*
Table 6 lists the interatomic bond lengths, while 
the interbond angles are given in Table J.
Some of the more important intramolecular n o n ­
b o nded contacts are given in Table 8, while the shorter 
intermolecular contacts, that is, those contacts less 
than or equal to four Angstroms, are listed in Table 9»
In Table 10, deviations of individual atoms from a series 
of best planes through the various ring systems are 
listed.
^9.
Table 11 lists I, he observed and calculated 
structure factors, which are obtained from the final 
least squares cycle. The final agreement, index over 
2021 observed structure amplitudes is 1 2 .6^0 Mo 
unobserved structure amplitudes are included in this 
t a b l e .
The final three dimensional electron density 
distr i b u t i o n  over one molecule was calculated from the 
observed structure amplitudes and phase constants 
obtained from the last least squares cycle. This is 
shown in fig. 2 by means of superimposed contour 
sections drawn parallel to (00l). The atomic 
arrangement corresponding to this is shown in f ig.3 
and the packing of the molecules in the crystal as 
viewed along the b-axis is illustrated in fig. h.
U s ing the formulae given in section 1.9? the 
standard deviations for the bond lengths and the bond 
angles can be calculated. The average estimated 
standard deviation for a carbon-carbon single bond is 
0.02 £, and for a typical tetrahedral angle it is 1°.
2.5 DISCUSSION OF R E S U L T S .
The cons ti fcu tion ami relative stereochemistry 
of the jjara-bromo benzene s ulph on a te derivative of
-caryojjhyllene alcohol as determined by this analysis 
are shown in (o)« As already stated (section 2.l), 
N i c k o n  et.al (1964) have derived tin,' constitution 
and s t ereochemistry of the alcohol alone by classical 
degradative procedures, a result which, has been confirmed 
by an unambiguous synthesis ol the alcohol carried out 
by Corey and Nozoe (1964).
The molecular parameters obtained are not very 
accurate. This could be due to several r e a s o n s . The 
presence of both a bromine and a sulphur atom in the 
mo l e c u l e  means that absorption effects may be quite high, 
thus cutting down the accuracy of the atomic c o o r d i n a t e s . 
T he presence of the two heavy atoms also impedes the 
.refinement of the coordinates and temperature factors of 
the light atoms, since these light atoms make a smaller 
contribution to each structure factor.
The average carbon-carbon bond length in the 
benzene ring is 1.39 $ and this is in excellent agreement 
w i t h  the accepted distance of 1.396 $ for benzene. The
3 3average sp -carbon-sp -carbon single bond distance is 
1.55 X, in good agreement with the standard value of 
1.545 S. for diamond.
The length of the s p ~ c a r b o n - o x y g e n  single bond 
is 1.48 This is in agreement with, values of 1.46 £
for 5-bromo griseofulvin (Brown and Sim, 196 3) , 1.47 &
for bromo g e i g e r i n  acetate (Hamilton, McPhail and Sim, 
1962), 1.47 R for bromodihydrois ophot os ant oni c lactone
(Asher, 1 9 6 3 ), and 1.47 £ in L-serine phosphate (McCallum, 
R o b e r t s o n  and Sim, 1959)°
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U s i n g  Pauling's (i9 6 0 ) covalent bond radii and 
e l e c t r o n e g a t i v i t y  data, the reference value for such a 
b o n d  is 1.43 R. Experimental values close to this have 
been Pound; for example, 1.427 R for methanol 
(V e n k a t e s w a r l u  and Gordy, 1955), and Swallen ( 1 9.55 ) , and 
also 1.425 R for DL-serine (Shoemaker, Barieau, Donohue, 
and Chia-Si L u , 1953).
The length of the aromatic carbon-bromine bond 
is 1.87 1  In In ternational Tables for X-Ray 
Crystallography, Volume III ( 1962 ) , this bond length is 
quoted as 1.85 R, but values considerably higher than 
this have been found, and the generally accepted figure 
is about 1.90 X. In morellin para-bromo benzene 
sulphonate (Kartha, 1 9 6 3 ). the value found was 1.92 R,
In ^  -1:2 - 4:5 - tetrabrorno benzene (Gafner and Herbs tein, 
1 9 6 0 ) the length found was 1.90 R, and Brown (1964) found 
a b ond length of 1.87 R in the analysis of 1-p-bromo benzen 
sulphonyl-oxyme thyl-5 ~nie thyl b.i cyclo (3,3,1) n o n a n - 9 -ol. 
Since the position of C(l6 ), being bonded directly to the 
bromine atom, is inaccurate due to diffraction effects of 
the bromine, this bond length is, in any case, a difficult 
one to a s s e s s .
The aromatic carbon-sulphur bond length is 
1.73 R , w h i c h  is in close agreement with the value of 
1.7 k R in zinc para-tolueno sulphonate hexahydrate 
(Hargreaves, 1 9 5 7 ), and 1.72 R found by llrown (1964).- 
It is rather shorter than the value of 1.765 R found 
by Sime and Abrahams (i9 6 0 ) in 4 , 4 ’ diclilo.ro diphenyl 
sulphone , and the value of 1.76 R given by Kartha (1964).
The mean sulphur to oxygen double bond distance
is 1.45 R and the sulphur to oxygen single bond distance
is 1.58 R a This is in good agreement with the values of
1.46 R and 1.60 R respectively which were found by Truter
(1958) in potassium ethyl sulphate. The theoretical 
length for a sulphur-oxygen single bond is 1.69 R, and 
therefore a contraction of about 0.1 R has taken p l a c e „
This can be explained by the formation of partial double 
bond character in the formal single bond between the oxygen 
and sulphur atoms. These two atoms have different 
electronegativities, since the sulphur atom can form 
IT bonds u s ing its d-orbitals.
Cruickshank ( 196 I ) has shown that the *7^  bond 
order of the sulphur-oxygen single bond in potassium 
ethyl sulphate is 0.25.
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This should give a bond length of about 1.58 K - 1.60 -S.
In addition to this, in the case of potassium ethyl 
sulphate, the other three sulphur-oxygen bond distances 
should contract from the double bond value o t 1.^49 ^ to 
1 .46 since the other n r  bonding orbital of sulphur is 
shared with only three of the tour oxygens ,.g tv Lng these 
bonds an order of 0.2 5 + 0.38 = 0.58. lie suggests an 
empirical rule that the average suiphur-oxygen bond 
length in the sulphate and related groups is 1.49 but 
that any sulphur-oxygen bonds which involve a linkage of 
oxygen to another atom may lengthen by amounts up to 
0 . 1 5 ^ w ith a corresponding contraction of the other 
sulphur-oxygen bonds in order that the average might be 
p r e s e r v e d .
In the case of ck -caryophyllono alcohol p-bromo 
benzene sulphonate, the average bond length is 1 .h 9 A, 
and individual bonds are expanded to 1.58 A and contracted 
to 1.45 £ in accordance with this theory.
Since the S(l)-C(l9) and the br(l)-C(l6) bonds 
have lengths w h i c h  are slightly shorter than the accepted 
standard values,it is perhaps possible that some sort of 
quinonoid electronic structure might bo proson t in the 
para-bromo benzene sulphonate part of the molecule.
This perhaps suggests resonance of the form:-
Since the bond distance between the sulphur and 
bromine atoms has the smallest estimated standard 
deviation (less than 0.01 X), this was considered to be 
the safest to examine in pursuing this theory. The 
calculated value for this distance is 6„44 R based on 
standard valency bond lengths. If some sort of 
quinonoid structure does exist, then the experimental 
value for the sulphur to bromine distance should be 
significantly less than 6.44 R, This bond distance 
was found to be 6.36 R —  a contraction of 0.08 it.
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T h ere is no sign of this phenomenon in the results of 
K a r t h a  ( 1963)5 but Brown ( 196^) obtained a contraction 
of 0 . 1 3 It also appears to be present to a lesser
extent in the molecule of k ,k f-dichloro-diphenyl sulphone 
(Sirne and Abrahams, i9 6 0 ).
The average internal valency bond angle in the 
s ix-membered ring- system C(l), c(2), 0 (3 ), C(^), 0 (5 ) 
and C(6) is 109.9°. This is in good agreement with the 
e x p ected value of 109°28' for the tetrahedral angle.
The average interbond angle in the bonzeno ring; is 120.0°, 
w h i c h  is in excellent agreement the expected value (Tables 
of Interatomic Distances, 195^). The average valency 
bond angle in the five-membered ring system C(l), 0(2),
C(6), C(7) and C(8) is 103.1°, and in the ring system 
C (7 ) , C (8 ) , c(9 ), C(10) and C (11) it is 10^.0°. Both 
these values are significantly less than tetrahedral, but 
the average bond angle in f i v e —membered -rings is frequently 
found to be less than 109°o Some of these angles are 
depicted in Table 2,
These values indicate that the ring systems are 
n o n - p l a n a r , wit h  consequent bond angle deformation,, This 
is indeed what has happened in the case of o(-caryophyllene 
alcohol, and the n o n-planarity of these rings is discussed 
later in this section.
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TABLE 2.
N A M E  OF C O M P O U N D .
Epilitnonol lodoace tate
Isoclovene Hydrobromide
Bromogeigeriri Acetate
Clerodin Bromolactone
Methanol solvate oT 
Echitamine Bromide
Himbacinc I lydrobromide
AUTHOR.
Arnott e I;. a l . 
Clunie e I;. a l ,
11 a mi1 1 on a t .a l 0 
Paul et.al. 
Hamilton o b .a l .
F r i d r 1 c \ i s ca n s ; m  d 
MatHieson
ANGLE
1 Ok'
105°
1 06
1 06
1 06
1 0 5
The C (1 ) - C (6 )- C (7) bond angle of 99-5 ° is 
significantly less than the other valency bond angles in 
this ring system. This effect, n a mely that of a five-membered 
rin g  with a small average bond angle and having one angle 
significantly less than the others, has been observed by 
Miller ( 1 9 6 6 ) in 9 - ol -broinocort is ol acetate, which contains 
a five-membered ring whose average bond angle is 1 0 3 ”*, but 
w h i c h  has one angle of 9 8 °. it has also been observed by 
Macaulay ( 1 9 6 6 ) in the 17- ^  -iodo acetoxy derivative of 
3-keto-^,4 dimethyl a n d r o s t a n e , for which the mean value 
is 104° and the small angle is 9 7 °. It is difficult to 
account for this, but in the case of both these compounds,
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and also in the case of Ql(-caryophylle.no alcohol, the 
small angle occurs at a carbon which is fully substituted 
by other carbon atoms.
Both the C ( 6 ) -C ( 7 ) -C ( l 1 ) bond angle of 117.6° 
and the C ( 2 )-0 ( 8 )-C ( ) ) bone] ang'le of 11 6. 7° signif-
:icantly greater than tetrahedral. This perhaps 
indicates that there is some repulsion between the gem- 
dimethyl group and the "bridgehead" atoms, that is to say 
C ( l ) and 0(1), with the result that one half of the 
molecule is "bending away" from the other half.
The six-membered ring is in the expected "chair" 
conformation. The equation of the best plane through 
the atoms C(2), C(l), C (_5 ) and C(6), calculated using
the method of Schomaker e t .a l .(1959) is
0.7840 X + 0.3 591 y - 0.7064 z - 5.8845 = 0 
The individual deviations of these atoms from the plane 
are listed in Table 10; no deviation is significant.
The equation of the best plane through the 
six carbon atoms of the benzene ring is
0.6346 x + 0.22 10 y - 0.7406 z - 0.3717 = 0
Appl i c a t i o n  of the test (Fisher and Yates, 1957)
indicates that there are no significant deviations from 
this plane, and that these six a. toms are copl ariar.
The individual deviations are a g a i n  listed in Table 1 0 o 
The deviations of the sulphur and bromine atoms from this 
plane, although very small, are never the less significant.
In the five-inembered ring; made up by 0(l), C(2),
C (6), C (7) and C (8), the last four atoms are found to 
be coplanar, whereas C(l) is found to deviate from the 
plane by 0.7 R • The equation of the best plane through 
these four atoms is
0.5133 x - 0.7668 y - 0.3854 ^ - 1.5810 = 0
The deviations of these four atoms from the plane, and 
also the deviations of C(l), C(l4) and 0(15) are once
again listed in Table 10.
In the other f i ve-membered ring-, this effect is 
also apparent. C(7), c(8), 0 (9 ), and C ( 1 I ) were found
to lie on a plane, while C(10) was found to deviate from 
this plane by 0.6 5 R • The equation of the best plane 
through these atoms is
0.8234 x + 0.1075 Y - 0.5572 z - 6.82 33 = 0
The individual displacements of all the atoms from this 
plane are again listed in Table 10. The two atoms of 
the gem-dimethyl group are found to deviate by quite a 
considerable extent from this plane, in particular C(12), 
which was found to lie 2.2 2 R away.
The dihedral angle between the plane of the 
six-membered ring; and the plane of the I'i. rst f'i ve- 
membered ring is 7 1 .2 ° and the dihedral angle between 
the planes ol the two i’i ve-meiubered rings is 12 3.7°.
The molecule thus adopts a " zig-zag;" con f o rma t i on .
As mentioned earlier in this section, the fact 
that the two f i ve-membered rings a re nori-plaimr may be 
used to explain why the bond angles are so much less 
than te trailedra. 1.
Examina tion of the non-bonded i n I- ramn J.ecu l.a.r 
distances offers further proof that there is some n o n ­
bond e d  interaction between the "bridg;ehead" atoms, and 
the gem-dimethyl group, with consequent distortion of 
the molecule. if a. Dreiding model of the molecule is 
constructed, it can be seen that .the five-membered ring 
containing the gem-dimethyl group oug;h.t to be almost 
coplanar, and the other fi ve-membered ring; only slightly 
distorted. Measurement of the dis tmice apart of C(l) 
and C(12) shows that these two atoms should be 3.7 R 
apart, but this in fact is found to have lengthened, to 
5.0 R, and measurement of the distance apart of C(4) and 
C (12) shows that these atoms should be 6.0 $ apart, but 
in fact they are found to be only 5 = 3 R apart:.
W h e n  tlie D r e l d i n g  model is adjusted to gi ve these distances, 
considerable strain and distortion .immediately becomes 
apparent. Slight increases and decreases in other non- 
bond ed distances to compensate tor this distortion can 
also be seen.
The arrangement of' oC- c ar y opliy 1J ene alcohol 
molecules as viewed along the _b - ax Is i s shown in 
Tig. h . In the crystal, the molecules are held together
by Van der WaalS* forces. None of the intermolecular 
contacts listed in Table 9 are significantly shorter
I
than the sum of the Van der WaalS radii of the atoms 
involved.
a sinfi.
*  V
0 1 2  3 ^ 9
1 . 1.. I - J I— I— I— I— I b
The final three dimensional electron density 
d istribution over one molecule of 
(?£■ -caryophyllene alcohol p-bromo benzene 
sulphonate. The superimposed contour 
sections are drawn parallel to (001).
0 1 2  3 4
1 . 1 1 I , 1 , 1 , 1  R
Fig-, 3 . The atomic arrangement corresponding to Fig. 2.
Fig. 4. The arrangement of the molecules in the crystal 
as viewed along the b-axis.
TABLE '3.
0( - CARY 0P11YLLENB ALCOHOL p-BROMO BENZENE SULPIJQNATE,
FINAL ATOMIC C O O R D I N A T E S „
AT0Mo x / a y/b v./ c.
C(1 ) 0 . 6 6  l ('> 0 . 2 I I 4 0 . 1 9 0 3
C ( 2 ) 0 . 7 8 6 0 0 . 1 9 3 1 0 . 2  1 9 7
C(3) 0 . 8141 0 . 0 5 8 5 0 . 2 0 0 0
c ( 4 ) 0 . 7 6 8 2 0.0281 0 . 1 0 1 0
C(5 ) 0 . 6 4 3 3 0 . 0 7 0 8 0 . 0 6 3 5
C( 6 ) 0 . 6 2 5 5 0 . 2021 0 .09 1 5
C( 7 ) 0 . 7 1 6 0 0 . 2 9 1 9 0 . 0744
C ( 8  ) 0 . 8 2 2 9 0 . 2 8  33 0 . 1 5 8 8
C(9 ) 0 . 8 4 7 3 0 . 4 1 7 8 0 . 1 89 9
c(  1 0 ) 0 . 7 9 7 6 0 . 4991 0 . 1081
c( 1 1 ) 0 . 6 8 8 7 0 . 4 3 2 0 0 . 0 6 5 1
c( 12) O. 8 7 6 8 0 . 4 8 8 0 0 . 0 4 9 9
C( 1 3 ) 0 . 7 8 3 8 0 . 6 3 6 5 0 . 1 2 8 7
C( 14) 0 . 8 4 3 9 0 . 2 1 6 5 0 . 3 167
0(15) 0 . 5 0 6 0 0 . 2 4 4 0 0 . 0 4 4 5
0 ( 1 6 ) 0 . 1 8 6 1 0 . 1 7 2 8 0 . 1 0 1 9
0(17) 0 . 2 4 0 6 0 . 0  399 0. 11 43
TABLE 3 (Cont.).
ATOM. x/a
—  ^  * -------- * ■
y/b z/c
C( 18) 0 .3488 0.0511 0 . 1 7 1 9
C( 19) o • 1 — o ro 'ai 0 . 1 5 3 0 0.2149
C ( 20 ) o. 3440 0.2698 0.2 037
C ( 2 1 ) 0 . 2 3 6 8 0 . 2 9 6 0 0.1474
0(1) 0.6064 0.1127 0.2242
0(2) 0.5430 0.0292 0.3355
0 (3 ) 0.5733 0.2584 0.3293
S(1) 0.5375 0 . 1 41 8 0.2862
Br( 1 ) 0 .0406 0.1821 0.02 36
TABLE 4.
OC-CAR YOPIIYLLENE ALCOHOL p-BROMO BENZENE S U L P H O N A T E „ 
F I N A L  ANISOTROPIC TEMPERATURE FACTORS . (^  )
ATOMo u n U22 ,JT)
C 1 ) 0.0478 0.0394 0 .0414
C 2 ) 0.0469 0.0 981 0 .0*1 89
C 3) 0.0740 O .0696 Oo 0764
c * 0 0 .0674 0.0840 0.0751
c 3) 0 . 0 7 1 8 0 . 0 3 2 4 0.0632
c 6) 0.0390 0.0550 00 0391
c 7) 0. 0412 0.0646 0 .0407
c 8) 0.0458 0.0619 Oo 05 1 1
c 9) O 0O 673 0.0553 0 . 0 6 8 8
c 1 0 ) Oo 0649 0 .0658 0.0711
c 1 1) 0 o 0642 0.0 395
-3"
CO00
c 1 2 ) 0.0957 0 . 0 7 7 3 0.09 34
c 18) 0 . 1 1 7 6 0 .0382 0.1372
c 14) 0 . 0 6 3 9 0.10 2 3 0.0 4 5 4
c 15) 0 . 0 3 2 3 0.0800 0.0502
c 1 6 ) 0.0541 0.0 5 3 8 0 . 0 7 2 3
c 17) 0.0778 0 .05 1 5 0.0648
2 U
23 2U81 ;- ' T
0 . 0 1 7 9 0 . 0 3 3 3 - 0 . 0 1 5  I
0 . 0 2  4 0 0 . 0 3 1 1 0 o0 1 2 6
0  . 0 1 3 2 0 . 0 2 3 3 Oo 0 5 0 0
- 0 . 0 2 8 5 0 .0 6 2  8
C\!QO
-Oo 0 2 6 4 Oo O5 6 O Oo 0 0 4 3
- 0 . 0 2 8 4 Oo 0 3 3 8 - 0 . 0 1 3 2
0 . 0 1 1 7 0  0 0 4 1 1 - 0 . 0 0 1 7
-Oo 0 0 5 5 0 . 0 3 7 6 - 0 . 0 1 8 0
I 0 0 MD Oo 0 4 5 3 - 0 . 0 4 0 3
Oo 0 0 5 6 0 . 0 7 4 7 - 0 . 0 1 0 0
0 . 0 1 1 6 0 . 0 4 3 0
000
- 0 . 0 1 1 6 0 . 1 2 9 8 - 0 . 0 2  02
- 0 . 0 3 7 7 0 . 1 382 - 0 . 0 2 9 9
0 . 0 1 54 - 0 . ooo4 0 . 0 0 2 1
0 . 0 0 3 7 - 0 . 0 0 3 6 -Oo 0 0 3 8
0 . 0 0 4 8 0 . 0 6 4 8 0 . 0 0 7 3
-0.0 \ I 8 • 0 -D DC c - 0 . 0 2 1 3
TABLE 4 (Cont. ).
AT0Mo U 11 U22 U 33
2U23 2 U31 2 U 12
C( 18) 0.0739 0o0529 0 .0 6 8 0 -0 . 0 0 6 5 Oo 082 0 -0o0053
C( 19) 0 . 0 6 7 2 0.0375 0 .0547 0 0 0 14 0 Oo 0556 -0 . 0 1 1 4
C( 20 ) 0 . 0 8 5 1 0 . 0 5 8 6 0.05 53 0 .0 i08 0. 054-7 -0 . 0 0 6 1
C ( 2 1 ) Oo 0 701 Oo 05 56 0.0690 0 0 0 1 9 3 0 . 0 5 7 8 Oo 0207
0(1) 0 . 0 6 0 8 0 . 0 3 6  I Oo 06 1 6 -0 . 0 0 3 7 0o0653 -0 .oo46
0(2) 0.0835 0 .0574 0 .0(26 Oo 0381 0„0572 0 . 0 0 6 7
0(3) 0 . 0 7 6 8 0.0590 0.06 17 -0.0224 0.0643 -0 . 0 1 6 5
S(1) 0.0624 0.0470 0 .0442 0 . 0 0 3 7 0 . 0 5 1 7 -0 . 0 0 7 9
Br( 1 ) 0 . 0 6 1 1 0 0 0 9 1 4 0 . 1 0 7 1 0 . 0 0 7 8 0.0381 Oo 009 1
TABLE 5 o
OC-CARYOPHYLLENE ALCOHOL p-BROMO BENZENE SULPIIONATE,
STANDARD DEVIATIONS OF
o
F I N A L  ATOMIC COORDINATES (a ).
ATOM. <f(x ) <f(y) <rw
C(1) 0 . 0 1 1 0  o 0 1  1 0 . 0 1  1
0(2) 0 . 0 1 3 0 . 0 1 3 0 . 0 1 3
0 (3) 0 . 0 1 6 0  o 0 1  6 0 . 0 1  6
0 (4 ) 0 . 0 1 5 0 . 0 1 6 0 . 0 1 6
0(5 ) Oo 0 1  5 Oo 0 1 4 Oo 0 1 4
0(6) Oo 0 1  1 0 . 0 1 2 Oo 01 1
0(7) 0 . 0 1 1 0 . 0 1 2 Oo 01 1
0(8) 0 . 0 1 2 0 . 0 1 3 0 . 0 1 2
0 (9 ) 0 . 0 1 5 0 . 0 1 4 0 . 0 1 5
C ( 1 0 ) 0 . 0 1 4 o.oi4 0 . 0 1 4
C ( 1 1 ) 0 . 0 1 4 0 . 0 1  3 0 . 0 1 4
C( 12 ) 0 . 0 1  7 0 . 0 1 6 0 . 0 1 7
c( 1 3) 0 .  0 2 0 0 . 0 1 5 0 . 0 2 2
C( 1 4 ) 0 . 0 1 5 0 . 0 1 7 0 . 0 1 4
c( 1 5) 0 . 0 1 1 0 . 0 1 5 0 . 0 1 3
C(1  6 ) 0 . 0 1 3 0 . 0 1 3 0 . 0 1 5
C (1 7 ) 0 . 0 1 5 0 . 0 1 4 0 . 0 1 4
TABLE r) ( C o n t . ) .
ATOMo <f(*) cS(y )
C( 18) 0.015 0 . 0 1 ^4 0 . 0 1 h
C( 1 9 ) 0.013 0 . 0 1 2 0 . 0 1  3
C ( 2 0) 0.015 o 0 o v_T( o.oi h
C ( 2 1 ) 0.015 0 o 01 k 0 . 0 1 5
0 ( 1  ) O 0OO8 0 . 008 0 o 008
0 (2 ) Oo 01 0 0 . 009 o. 00 9
0(3) o. 0 0 9
c\ 
o o 
■
o
Oo 009
S(1 ) 0.003 0. 003 0 . 0 0 3
Br ( 1 ) 0.  002 0 . 0 0 2 0 . 0 0 2
T A B L E  6.
o( - C A R Y  O P H  Y L L E N E  A L C O H O L  p - B R O M O  B E N Z E N E  S ULPII O N  A T E «,
o
BOND LENGTHS (a )
C(1) - C(2) I . 5 o
C(l) - C(6) 1. 54
C(1) - 0(1) l . 4 8
C ( 2 ) - C(3) 1 .56
C(2) - C(8) 1 .59
C( 2 ) - C(14) 1 .54
C(3) - C(U) 1 .57
c D -  c(5) 1 . 5 6
C(5) - C(6) 1 .53
C( 6) - c( 7) 1 .60
C(6) - C(15) 1 0 52
C(7) - C(8) 1 .59
C(7) - C(11 ) 1 .55
C(8) - C (9) 1 . 5 2
C(9) - c(io) 1 0 53
C ( I 0) - <3(1 1 ) i . h 9
0 ( I 0 ) - c ( 1 2) 1. 6 0
c( 1 0 ) - c (1 ;j) 1 .59
C ( 1 6 ) - 0 ( 1 7 ) 1 .39
c( 1 6 ) - c (2 1 ) 1 .38
C ( 1 6 ) - Lix’( 1 ) 1 .87
C( 1 7) - C( 18) 1 .39
c( 1 8 ) - c ( 1y ) 1 .36
c( 1 9 ) - c ( 2 0 ) 1 .45
c( 1 9 ) - S(1) 1 .73
C(20) - c ( 2 1 ) 1 .37
0 ( 1 ) - S(1) 1 .58
0 (2 ) - S(l) 1 .45
0 (3 ) - S(1) 1 .44
TABLE 7.
O C -CARY0PIIYLLBNE ALCOHOL p-BROMO BENZENE SULPGONATB.
BOND ANGLES (° ).
c 2 ) -C 1) -C 8) I o4 3 C 8) -0 7) -c( 8) I 0 9
c 2 ) -C 1) -0 1 j I I 1 0 c 8) -c 7) -c( M ) 1 17
c 6) -c 1) -0 1) 1 09 7 c 8) -0 7) -C ( 1 •) I 03
c 1 ) -c 2) -C 3) 110, 1 c 2) -c 8) -C (7) 1 03
c 1 ) -c 2) -C 8) 1 02 1 c 2) -c 8) -C (9) 1 1 6
c 1 ) -c 2 ) -C 1*0 1 1 3 8 c 7) -c 8) -C (9) 1 05
c 3) -c 2) -C 8) 1 08 8 c 8) -c 9) -C ( 10) 1 03
c 3) -c 2 ) -C 14) 1 0 7 .8 c 9) -c 10) -C ( 1 1 ) 1 02
c 8) -c 2 ) -c 1 k ) 1 14 2 c 9) -c 10) -C ( 12) 1 1 0
c 2 ) -c 3) -c *0 1 I 2 3 c 9) -C 1 o) -C ( 1 3) 1 1 2
c 3) -c k) -c 3) 1 09 1 c 11) -C 10) -c( 1 2 ) 1 1 1
c *0 -c 3) -C 6) 1 1 2 6 c 1 1 )-c 1 o) -c( 13) 1 1 3
c 1 ) -c 6) -c 5) 1 10 .8 c 12 )-C 10) -C ( 13) 1 08
c 1 ) -c 6) -c 7) 99 .5 c 7) -c 11) -C ( 1 o) 109
c 1 ) -c 6) -C 13) 1 14 6 c 17) -c 1 6 )-C (2 1 ) 120
c 5) -c 6) -c 7) 1 09 1 c 17) -c 1 6 )- B r ( 1) 120
c 5) -c 8) -c 15) 1 1 0 1 c 21 )-c 1 6 )- B r (1) 1 1 8
c 7) -c 8) -c 15) 1 1 2 3 c 1 6 )-c 17) -C( 18) 1 1 9
8
6
I
7
8
8
9
3
0
k
0
1
0
1
9
5
6
3
TABLE 7 (Cotit.).
c( 17) - C ( 18) - c ( 1 9 ) 1 2 0 6
c (  1 8 ) - c ( 1 9 ) -C(20) 1 19 6
c (  1 8 ) - C ( 1 9 ) -S(1) 1 2 0 , k
C ( 20 )- c ( 1 9 ) -S(1) 1 1 9 »9
c( 19) -C(20) -0(21) 1 1 8 >7
c (  1 6 ) -0(2 1) - C ( 2 0 ) 1 2 0 . 5
C ( 1 ) -0(1) -S(1) 12 1, 9
C ( 19 ) - S ( 1 ) - 0 ( 1 ) 1 02  „ 1
c  ( 1 9 ) -  s  ( 1 ) - 0 ( 2 ) 1 0 7 . 8
c ( 1 9 ) - s (1  ) - 0 ( 3 ) 1 1 0 .  6
0 ( 1 )  - S ( 1 ) - 0 ( 2 ) 1 Ok . 2
0 ( 1 ) - s ( 1 ) - 0 ( 3 ) 1 09  0 9
0 ( 2 ) - s ( 1 ) - 0 ( 3 ) 1 2 0 0 6
TABLE 8.
0( - CARYOPHYLLBNE ALCOHOL p-UROMO BENZENE SULP11QNATE.
o
SOME I N T R A M 0LECULAR NON-DONDED DISTANCES (A)
c 1 ......c 3) 2 . 5 1
c 1 ......c 4 ) 3.03
c 1 ...... C 5) 2.53
c 1 ......c 14) 2 o 55
c 1 Q o • 9 • • V-/ 15) 2.38
c 1
oO•••• 19) 3.49
c 1 • 0 0 0 0 w 1 ) 2 0 67
c 2 no • • o • • v-/ 5) 2.92
c 2 . . o . . oC 6) 2 .40
c 2 o o . C O oC 7) 2.30
c 2 O O O . O oC 4) 2 .60
c 2 0 • o 0 0 o 1) 2.46
c 3 . . . o a oC 5) 2 0 35
c 3 . . . . o .C 6) 2.91
c 3 ___ o .C 1 b ) 2.30
c 4 . o . . o .C 6) ro 00
c b ......c l b ) 3 . 9 2
c b O O O 0 . oC 1 5 ) 3 . 9 1
C 3 ) ------- 1 5 ) 2 . r> 0
C 6 ) . . , C 8 ) 2 . rjb
c 6 ) 1 ) 2 .47
c 6 ) . . 0 . . .S 1 ) 3.78
c 7 ) ---- O oC 9 ) 2.48
c 7) . . . . . oC 1 0 ) 2.41
c 8 ) . . . . 0 oC 1 0 ) 2 .40
c 8 )0 . 0 0 0 .c 1 1 ) 2 0 46
c 9 ) o o o o . oC 1 1 ) 2 . 3 3
c 9 ) o o o o . oC 1 2 ) 2 0 37
c 9  ) 0 0 . 0 . oC 13) 2 . 5 9
c 1 1 ) . 0 . 0 .c 1 2  ) 2 0 55
c 1 1 ) 0 0 0 . .c 1 3 ) 2.57
c 1 2 ) . 0 0. .c 13) 2 0 58
c 1 6 ) . . . . oC 19) 2 . 7  6
c 1 7 ) . . . 2 0 ) 2.79
c 1 7 ) . . . 2.81
c 1 8 ) . , , .. C ( 2 1 ) 2 . 78
TABLE 8 (Con i .).
c( 18) ............ 0(2) 3.01 0 IV: O • • • • • O LC 2 .96
C( 1 8 ) ..... 0(3) 3.87 C ( 2 0 ) _________ ,S( 1 ) 2 0 73
0 00 0 • • • w 2 . 69 C ( 2 1 ) ............ B r ( I ) 2 0 8 3
c( 19) . 0  0 . .o(1) 2. r)l O 0 0 c ro 2 . 39
c(19) 0 o o 0 »0(2) 2.37 0 ( 1 ) . . . 0 0 .0 ( 3 ) 2 .47
C ( 1 9 ) 0 o . . c0(3) 2 0 6l 0(2) „„..„.0( 3) 2.31
C (2 0 ) o o . o .0 (2 ) 3.78 S( 1 ) , . .. 0 0B r ( 1) 60 36
TAHLE 9,
0(-CARYOPIIYLLENE ALCOHOL p-BROMO J3ENZENE SULPIIONATE„
o
I N T E R M OLECULAR CONTACTS LESS THAN 4 A„
C ( 20 ) .° . o .0(2) XT1 8.30 c(7)..„. ..0(3 ) X1 3.8?
C(18 ) o....0(3)v 2 . 2 2 C(20).„. * - o 0  bin:
0000
c(k).. ....C'(17)I 8 . 6 8 o( 15). . • 3 . 9 0
C( 1 1 ) . 3.68. C(13)... .0 (2 0 )I1I 3 0 90
c( 14) . 3 . 6 6 C(5)---- . . C ( 1 7 ) -j 3.94
C(15). ....0 (2 ) 3.83 0 (2 )--- •■0(3)v 3 0 95
C ( 2 1 ) o. „ . o0 (2 )n i 3.83 C ( 1 7 ). . . ..0(3)v 3.95
C(5 ) o •0 . 0 aC(5)x 3. 86 C(11) . „ .••0 (2 )III 3.96
The subscripts refer to I;he Tollowluf'- positions:-
1 1-x, - y , -z ;
II X , l— y , -■J+z;
III 1-x, l+y, 8 - z ;
IV 1 + x , i-y, J-+z;
V 1 - X , -i+y, 4 - z .
TABLE 10.
OC-CARYOPHYLLENE ALCOHOL p-BROMO BENZENE SULPIIONATE,
DEVIATIONS FROM TIIE BEST PLANES
THROUGH SETS
U
OF ATOMS (A).
P L A N E DE F INED BY  C(2) , C(3), c (5 ), A ND C ( 6) 0
A T O M D E V I A T I O N . ATOM. D E V I A T I O N 0
C(2) Oo 003 0(1 ) - 0 .804
0(3) -Oo 002 C(k) 0.62 1
0(5) Oo 002 C( 14) - 0.506
0(6) - o „ 003 c( 1 5 ) -0.456
PLANE D E F INED BY  c(2) , 6 (6 ), C( 7 ), A N D  C (8 )0
A T O M DEVIATIONo ATOM. DEVIATION 0
0(2) -0.003 C(1) -0.705
0(6) 0 o003 c (1 h ) -O. 6 7 I
0(7) -0.005 c( 1 5 ) - 0 . 7 1 0
C(a) Oo 003
TABLE 10 (Cunt.)„
( c ) . P L A N E  D E F INED BY C(7), C(8), C(9), AND C ( 1 1 ) 0
A T O M . D E V I A T I O N 0 A T O M . D E V I A T I O N „
C ( 7 ) 0 . 0 0 0  c ( i o )  0.64-5
C ( 8 ) - 0 . 0 0 0  c (  1 2 ) 2.224-
c ( 9 ) 0 . 0 0 0  0 ( 1 3 ) 0 . 8 9 5
C ( 1 1 )  - 0 . 0 0 0
(d). PLANE DEFINED BY C( 1 6 ) , C( 1 7 )  , C( 1 8 ) , C( 1 9 ) , C( 2 0 )  ,A ND C(21 ) . 
A T O M . D E V I A T I O N . A T O M . D E V I A T I O N .
c ( i 6 ) o . o i 4  0 ( 1 ) 1 . 420
c (  17 ) - 0 . 0 0 2  0 ( 2 ) - 0 . 9 3 3
C ( 18)  - 0 . 0 1 4  0 ( 3 )  - 0 . 0 6 6
C ( 19)  0 . 0 1 8  S ( l )  0 . 011
C( 2 0 )  - 0 . 0 0 5  B r ( 1 )  0 . 0 3 8
C (21) -0.011
TABLE 11 (Overleaf).
OC-CARYOPHYLLENE ALCOHOL p-BROMO BENZENE SULPIIONATE.
THE OBSERVED A ND CALCULATED
STRUCTURE A M P L I T U D E S .
H  K  L  F o
6 47.9 50.7
6 62.0 61.3
- r - .  -7.6
0 14 2«.9 -23.9
' “ \%16 8.9
. tlS.0 - 6  28.6 34.5 
o* -8 102.2 105-9 
0-10 14.2 13.2
0-12 19.9 20.5 
0-14 27.7 -21.6
0-16 9 .* 6-7
0-18
20.
2 74.1
21.5 26.5 
o 6 60.7 56.3
0 10 12.2 -13.7
0 12 24.5 -24.9
0 -2 34.2 38.9 
O -4 196.6 336.7
i -6 84.3
S:ii !£?-«:?
0 0 37 .2 -1 5.3  
O 2 31.0 42.7
i -6 71.7 78.4
0-14 16.6 12.9
1 -2 77.1 69.2
P  ,3:S
66.3 55.3
0 10 9.6 -10.7
0 14 11.6 -10.5 
O -2 54.3 52.8 
o -4 2 t.4  - i6 .o
O 4 58.4 -60.2
« 6 0.0 -5.0
u o by. 4 -00.1
u 12 18.^ -14.9
u 14 7.3 -5-4
C -2 16.1 - j t . c
-4 1-. .( 114.:
o -6 58.6 ■ - *•
o -8 43.0 4o.5
.8.2 35.93.6 - 14.0
6.6
0-12 26.1 24.2
0-16 17.6 ' 14.6
0 O ”1.0 -;f.6 
0 2 49.3 -41.0
' -8 23.0 -a
52.8 -43-2
Itt :L9:i
-6 56-2 43.9 
-10 ie .o 11.5
"l It? JS:S
2 68.8 -52.7
1 SI:!!:?
6 9.1 -7.7
11 Ji:J.;t?
.4 56.9 -41.3
:is ¥  f t
-16 16*. 7 1?! 7 
0 38.4 -36.2
2 24.8 -18.9 1 4 30.3 -25.6
■ -4 27.7 -27.6
• -e n . e  -9.8
'-10 18.1 16.5
'-12 16.5 I6.0
-14 9.0 9.1
' 0 32-0 -26.9
If $
1^5 - n .o
1-MS:?
'- i'.J
0 13.5 -13.6
-4 21.1 -19.6
-6 11.7 -9.2
10 9.6 -7.1
-2 15.8 -20. 1
-6 12.0 -12.4
-4 8.2 -10.6
8.3 -6.6
19.2 25.7
77.3 -87.2
-o 22.5 24.2 
-10 53.0 42.6 
-12 38.3 30.0 
:!2
12 25.0 -24.2
-1 • 89.0 78.8 
-2 132.5-151.7 
-3 103.4 117.2 
-4 77.6 93.93
i  m 85:3
• 10 24.0 31.7 
.11 7.6 10.2
12 13.9 -12.6
13 o.7 -b .y
-1 37.3 34.2
-2 61.2 -37.9 
-3 23.6 -26.1
125.9-126.3
28.5 -25.4
8.3 -2.3
47.9 5o.fi 
104.4-113.8
30.I -31.2
50.9 -57.5
9.0 -9.fi
40.9 -43.4
Jo!2 *61;2
7.2 5.2
24.3 -21.3
13.9 14.7
15.1 15.3
77.6 -73.4
76.2 65.4
103.2 -93.5
29.3 -26.0
39.
>2.6 * .5
:.6 -16.3
11 10.3 -1
12 8.6 -6.3
-1 9.9 5.7
-2 Bl.7 -74.9
3 U:Uk?-5 67.5 62.7
-6 27.4 -28.2
-7 52.7 -54.8 
-8 55.7 -53.1
-S 8:1 IU
m -j.
0.6 -8.9
27! I -2!! 6S.3 ?.0
57.2 -52.9
19.3 -2..1 
33- 1 -33."30.9 28.6
17.7 21.?
35*6 -3U3
8.2 -7.8
21.6 -22.4 
10.2 -15.3 
42.0 -41.7
19.6 -19.1 
41.4 -36.0
-1 41.6 -38.5
21.6 -32.4 
12.2 14.7
24.9 -39*6
5 19.3 -22.1
-2 24.2 -27.2
3 16.5 - lb . 4 
- I  8.5 -6.3 
-2 14.7 -15.6 
-3 26.6 -21.2 
-4 39-5 -30.4
:l m  .&?
.7? 'l:\ 11:1
•12 10.8 -15.0 
o 6.2 -0.8 
-1 17.6 -15.9
-2 12.4 -13.6
-3 13.9 13.6
-5 10 .7-11.6 
-6 50.4 -56.8 -8 8.8 -10.2
27^7 -31*1
Z 2 12.0 - l4 .o
Z 3 10.6 14.6
2 4 b2 .1 -71.5 2 5 61.t- -63.9 
2 6 52.7 -51.2 
2 7 18.8 -13.728 9.5 5.5
2 9 72.2 - 1 ; . ‘
-1'! P  '??:*
?. 2 '$.2 -15-3 
2 3 107.9*100.0
1 *5 - m
2 6 24.8 -10.6
2 7 3').4 -38.5 
2 8 22.9 -23.2 
2 9 32.1 -34.6
2 10 18.8 19.2
2 I I  13.3 -13.1 
2 13 21.4 -23.0
2 15 8.0 8.4
III ,o2:S.7!!:S:
2 -3 63.3 77.9 2 32.8 -4?. I
5 i 4s-?
1 3  3.1 J : “2 -5 15.0 54.3 
2-13 31 • 5 "3 3 ^
1 'i fts ~M:l
2 7 32.8 -38.2 
2 3 24.4 -22.5
2 4 24.7 -10.3 
2 5 54.6 -61.8
2 6 14.5 8.1
2 7 53.0 -55.8
I 12 
I 12 45^8 45*6
30.5 -31.7V-l ?M
2-12 13.3 - I I .1
2-14 11.7 12.1
2-15 32.2 30.1
2 u 47.3 J l9 .! 
2 I 35.4 -29.1 
? 2 15.1 -24.1 
2 3 29.9 -32.'2 4 Il',4 - i 4.(
2 5 64.4 -72. <
13 15.4 -14.5
-1 7’ .7 -7 2 .1
-fi 51.7 -4l-. 2
ia*J * i 5 :b
45.2 -48. r.
79.9 -61.6 
73.8 -75.9
7.0 -4.7
7 33.2 - 37.9
38.5 34.7 
21.4 -17.3 
54.2 -44.9 
46.7 -34.8 
71.1 -70.1 90.5-104.2
2.5 •1.3
■:9 -16.31:1 Jl:?
39.7 -45.7
6 2 8 20.0 
6 2 9  7.8
’ -2 28.4 -27-3
: -5 6.8 -9-7
2 2 20.9 15.5
1 ,* P  J?:I
2 6 19.7 19.9 
2 - i  9^.2 -86.0
VI
12? -§
36.2 -33.9
28.6 -31.2 
7.4 -9.1
26.0 -27-8
’ f ' 3 ' 13*1<’
61.8 -64.^
9! 3 " V19.1 • |.j
44!-. -41:3 
16. -15.7
7.6 9."
36.2 -33.014.4 - 13.5
14.6 15.6
-.6 -i:
15-5
3 5 39.8 -39.5
3 5 47.4 -52.0 
3 6 28.5 -20.2 
3 8 l8 .f i 17.6 
3 9 17.8 -13.8 
3 i t  9.4 10.0 
3 12 12.7 -13.8 
3 13 11.5 11.9 
3 14 21.1 17.0
3 -1 90.4 -71.0
3 -5 51.0 -55.0
3 -6  9.1 -10 .I
68.6 -66.8 
P  J\:l
19.7 16.4
43.5 51.8i:i -a?29.6 26.1
2 3 -1 137.7-137.4
2 3 - 2  10.3 -3.4 
2 3 - 3  44.4 - 59.9 
2 3 -fi 42.9 -47.O
2 3 -5 33.7 -41.3
2 3 -6 6.9 -1.9
2 3 -7 66.7 -71.8
2 3 -8 9.2 -7.8
2 3 - 9  18.4 17.8
2 3-11 34.8 -33.5
2 3-13 9.8 -6.fi
2 3—15 11.5 -10.5
3 3 0 '*2.3 35.5
3 3 1 57.S -58.5
3 3 3 8.4 -12.6
3 3 4 15.3 14.8
3 3 5 43.2 -50.2
3 3 7 27.4 30.7
0.6
3-12I'M
3-15 2.9 -12.3 
.6.0 16.5
16. • -16.3
15.0 -8.5
3S.4 38.5
5 3 - 1  45.5 -4t‘ .7
5 3 -2  13.3 15.6
6 3 6  7.6 5-9
3 -2
13
3 -5
"d 1:f
42.7 43..
19.7 2-1.6
13.5 13-8
13.9 -14.6
| |  ¥
It! 3
7 3 -5 16.9 -16.:
7 3 - 9  34.9 . 32.2
7 3-13 28.0 -31.2
8 3 -3  
8 3 -4  
8 3 -4  
0 3 -6
§ 3 *1
9 3 5 17.2 18.6 
9 3 6 9.8 7.8
9 3 -6 7.6
3 3 _1 41.1 -45.3
3 3 - 2  12.2 9.2
i vi m-uii
3 3 -5 65.2 -78.fi 
3 3 - 6  31.8 -29.0
3 3 - 7  41.6 -45.2
3 3 - 9  62.6 -64.7 
3 3-10 10.7 9.3
3 3-12 51.8 -50.7
11.1 -10.9
10.5 12.'
-t? a?
15.3 18.2
fio.5 - 34.4
61.1 -66.7
15.7 -16.8
>33 -6
Ii:S It I
23.8 24.0
11.5 -12-3
s3 si
21 •" 3 -2o'.J 
I t . I  14.7
13.8 -13.4
7.7 -5.7
8.5
23.(
14 19.6 - 21.3
15 9.1 7-116 J*3 4 ’
1 39l1 28*52 40.7 - * 1.7
3 67.1 75.4
4 €2.3 63.5
38.(. -39.8
51.3 -57.3
24.6 25.9
29. B -33.8
17.6 -16.6
’fc?
1:8 -ti I’-J It?
43.3 45.9
37.4 34.7
19.9 -15.3
45.3 57.4
4 -1 49.9 35-0
J il if:! 31:1
! i 22:l ’!?:?
4 - 6  24.4 .24.>
4 -? 37.3 -38.5
i -21:.?>3
H  K  L  P o H K L Po
'  7*6
1 -4.7
3 4-13 19.5 -21.2
-2 4.7 -1.7
fcK
4-15
13
13
6.6 5.7
9.5 -7.9 
13-3 -13.4
8.5 -10.8
56.4 51-5
11.2 -10.3
52.5 53-9
19.0 -21.5
42.2 45.2
29.6 30.9
19.3 -18.0
10.6 12.5
13.4 16.1
10.4 8.8
53.1 55-9 
6.9 -7.9
37.2 38.9 
9.0 9.1
17.6 -16.3
6.7 -8.5 
9.3 -8.6
50.5 44.8
14.5 -12.9
36.0 37.1 
9.9 6.9
m  iu
37.5 34.7 
22.3 -25 .j
3'. 9 
-10.3
32.1 -34.0
22.9
6^7 ” -5 .i
4 -1 56.0 49.7 
4 -2 7.7 -7-9
4 -3 37.5 39.0
U J» 9,5 9.6
! :t S ?
4 3 1S7 1^!?
4 -9 21.4 25.4
4-10 38.0 -39.8
■1.5 31. 2.4 -Q.
5 9 19.5 20.:
61.3 46.1
71.3 58.4 
32.1 29.5 
21.7 23.5
:3 ftl
5 5 15.7 16.2
5 -1 67.9 52.2 
5 -2 85.2 -59.6 
5 -J 93-7 83.8
5 -5 23I0 25*6 
5 -6 22.7 23.3 
5 -7 27.7 33.8
5-12
|:?2
15.3 -14.6 
9.0 9.6
*1-3 47.9
J  11.1 -12.7
-7 11.2 13.4
-1 1?:! i l : e
-10 8.2 -6.8
-12 9.5 7.3
-13 17.3 17.5
I Vs }B
5 0.3 -7.9
-1 9.5 6.9-2 17.5 17.0-3 23.1 23.5
-5 17.4 16.3
-7 32.6 35.9
-9 9.5 11.5
l ' ”  I?  5
I'.H Iglo
-9»o 23.5 
16.8 19.5 
23.3 27.9
25.2 25-5
12.3 -12.3 
46.0 48.3
2U 4} 
477.4 70.6
35-6 5.7 5.6
35-917.2 15.0
5-12 11.6 8.5
5-13 10.8 -13.3 5-14 8.4 - lo .f i
5 0 8.0 2.8
5 1 27.5 27.0
5 2 16.7 17.1 
5 3 5.o ,3.55 fi 43.8 47.5 
5 7 16.9 -22.6
1 S }U 3:1
511 12.7 -15.5
5 -1 14.7 16.2
IU -i:2 
t8l? -III? 
IU  S: i15.0 -ifo
7.1 a. i 
'11 3:?
39.6 12.2
1:1 U
21.6 -2U.9
??;? J?:i
I;? '26;?55-2 19.9
55-7 31.7
5-12
U K 34.9 3#.6
8.2 -3.7
10.5 -9.9 
4o.2 4o.6
9.2 -9.? 
17.8 -21.fi
20.4 -22.5
12.6 -14.1
'!:! 71
7.6 8.3
26.5 23.3 
9.9 1 .5
5.3 3.4 
lfi.3  15.5
6 5-12 25.7 -26.
13-3 
•
13-7 14.5
18.3 -t6 .8
41.9 45.4
25.9 -*25.2
7 5 B 6.7
7 5 -2 13.
3 -11.6 
2 21 *. 7
23-3 
16! 8
'iV'U20.5 -21.3 
12.7 11.5 
8.1 -9.3
1:1 3:S 
S! Si
10.fi 9.4
Z\l
9 5 0  11.7 -9.6 
9 5 2 14.5 15.3
I 1 I ’1:3 *7:8
9 5 5 10.5 -12.0
9 5 7 16.2 -15.0
9 5 0 6.9 7.5
9 5 -1  20.0 -21.9 
9 5 -2 37.5 37.1
9 5 -3 21.7 -22.5
9 5 -4 6.6 7.6
9 5 -5 21.7 23.9
9 5 - 6  15.5 17.0 
9 5 - 8  6.8 -6 . j
9 5 - 9  18.2 19.3 
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PART 3 .
THE STRUCTURE OF I S O C A L E P A S S I N E :
X - R A Y  ANALYSIS OF 
ISO CALEBA SSINE METHYL ETHER DI-IODIDE.
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3-1 INTRODUCTION.
The dr am at i.c paralysing effect of the South 
A m e r i c a n  Indian dart and arrow poisons known as curare 
has been common knowledge for very many years, and has 
stimulated much interest in their chemicaJ composition. 
Since the name curare is a generic term which includes 
many types of arrow-head poison, they have been 
classified by Hoehtn ( 1897) into three main categories, 
according to the typo (O’ container used to pack the 
final product. These three categories are "tube-", 
"pot-" and "calabash-curare".
Calabash-curare originates in the Northern 
parts of the South American Continent, particularly in 
the A m a z o n  and Orinoco basins. It is considerably 
more active p h ysiologically than either tube- or p o t — 
curare, and its chemical investigation has proved 
correspondingly more difficult. The barks of "Strychnos 
toxifera" and other "Strychnos" species are used in the 
preparation of calabash-curare. An exhaustive survey 
of work in this field has been published by Bernauer,
(1959)•
Serious chemical investigation of the calabash 
curares was started by Boehm in 1897, hut it was not 
until 1937 that the first isolation of crystalline 
calabash-curare was achieved by Wieland and his co-workers 
Curarine I Chloride (Wieland, Konz aid Sondorhoff, 1937) 
was the first calabash-curare alkaloid to be isolated, 
and other alkaloids isolated in this early work were 
calebassine and di hydro to:x.i.fe rine 1 (WieJand, Bahr and 
Witkop, Iy k 1). The alkaloid calebassine is of particular 
interest in the case of the present investigation into 
the structure of i s o c a l e b a s s i n e .
In the next twenty years, a considerable amount 
of w o r k  was carried out on calabash-curare alkaloids, 
and also on those of the plant material "Strychnos 
t o x i f e r a " . Workers in this field have included King 
(19^9), who isolated toxiferines I - XII, and Schmid 
and Karrer, who have carried out a number of investigation 
into the structures of those a l k a l o i d s .
As work on these alkaloids continued, it became 
apparent that they fell into two main g r o u p s 0 One group 
has little or no physiological activity, while the second 
group contains these alkaloids w ith high curare activity.
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von P h i l l i p s b o r n , Schmid, and Karre r ( 195^) have 
d e m o n strated that these highly active alkaloids have 
m o l e c u l a r  formulae based upon a 0 ^ skeleton, and
that they have two quaternary nitrogens [irnHcnt in the 
m o l e c u l e .
By 19t>0, the relationship (shown overleaf) 
between several alkaloids including o ale b as sin e , had 
b e e n  firmly established (Hattersby and llodson, i9 6 0 ).
At this time, the constitution of' calebassi.no was 
u n k n o w n .
The structure ( 1 ) was the structure which was 
finally adopted as the structure of calebassine (Schmid, 
1963). The alkaloid, i s o c a l e b a s s i n e , is simply prepared 
from calebassine, by treatment with acid. The 
constitution of isocalehassine was unknown, although it 
was clear that it must closely resemble that of 
calebassine. If isocale bassine is treated with methyl 
sulphate in alkaline solution it is converted into the
O-methyl e t h e r 0
The elucidation of the structure of isocalebassine 
by x-ray methods has been carried out successfully using 
the di-iodide derivative of' the 0-mo thyl ether, crystals 
of which were supplied by Professor II. Schmid, and the 
results establish structure.1 (- ) for1 i soeaJobass i.tio.
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The n u m b e r i n g  of the derivative used in the analysis 
is shown in (3).
3.2 E X P E R I M E N T A L .
The molecular formula of 1 socalebassine methyl
ether di-iodide is C, „ll ^N,0 I„ , and this leads to a
4 1 30 4 2 ’
m o l e c u l a r  weight of 868. 3.
Rotation, o s c i l l a t i o n , and W e i s s e n b e r g  photographs 
were taken with copper K- o£ radiation ( 1. 3^2 &) • The
cell dimensions were obtained i'rom rotation and W e i s s enberg 
photographs, and i’rom these, the following values were
obtained
a = 15.02 + 0 o05 R
b = 33 o 36 + 0.07 £
c = 10.02 + 0.04 R
The volume of the unit cell was calculated from 
the expression
V = a b-c
and was found to be 502 0.7 .
F ro m  examination of the zero layer W eissenberg 
photographs, the absent spectra were found to be hOO when 
h is odd, OkO whe n  k is odd, and 001 when. 1 is odd. 
Therefore, the space group is uniquely determined to be
The number of molecules in the unit ceil was 
taken as four, and this number of molecules leads to a 
calculated density of 1.13 g/rnl . The .Linear absorption 
c o e f f i c ri e n t f o r c o pp e r K - ot r ad i a I i o n w a s f o u n d t o b e 
102.5 cm 'The total number of electrons per unit
cell, F(000), l s 1 7 3 2  . f’or the two heavy atoms
is 5 6 1 8 ,  while for the light atoms is 1 7 8 6 .
This gives r = £  " / " S ^ x  ^  2 = 1 *77*
The intensities were recorded using a smo.ll 
crystal completely bathed in a. uniform x-ray b e a m 0 No 
adjustments were made initially to account, for absorption. 
The dat a  were collected on zero I ay e.r and equl-inclination 
upper layer W e i s s e n b e r g  photogr aphis obtained by rotation 
of the crystal about the needle axis (c-crystal axis),
the r e c i procal lattice nets h k O , .  ......   hk6 being
registered in this way. Visual methods of intensity 
estimation were used, all W e i s s e n b e r g  data having been 
obtained by using Robertson's multiple film technique 
(19^3). In all, 1502 independent intensity (estimations 
were m a d e .
6 8  .
The intensity values were corrected ('or L o r e n t z , 
po l a r i s a t i o n  and the rotation lac tors appropriate to 
upper layers, and the values o 1' the structure amplitudes 
were obtained by application of the mosaic crystal formulae. 
The various of IFof ’ s were all placed on an
approximately absolute scale lay comparison with the 
values of the calculated structure amplitudes obtained 
from the Patterson function. Throughout the refinement, 
the scale was adjusted to ensure that 2 1 Fol always 
equalled T i m .
3.3 LOCATION OF THE HEAVY ATOM P O S I T 1 0N S .
The equivalent positions of the space ^roup
P2 2 2 are 
1 1 1
x , y , sr.;
i-x, -y, |- + z;
J+x, £-y, -z;
-x, g-+y, J-z.
The vectors to be expected between the iodine 
atoms in this space yroup with one molecule in the 
asymmetric unit are
- - -
f . ...... .......
x , y , z 2  -x , - y , |-+z 2 +x, |--y, -z - x ,J + y ,|-z
x, y , z - - - ’- 2 x ,- 2 y ,\ 2 ,2 - 2 y ,-2z -2x,|,|--2z
i - x , - y ,2+ z 2 + 2 x , 2 y , 2 - - - 2 x , 2 , a— 2 z 2 ,2+2 yy - 2 z
J + x , \ - y ,-z 2 , 2 +2y > > - 2 X , 2 , 2' - 2 z - - - 2 - 2 x ,2y,L
-x, J+y i i-sa 2 x ,2 ,2 +2z v,2‘- 2 y , 2 z 2 ' - 2 x , - 2 y , 2
The bwo dimensional Patterson projection P(uv) 
was computed using 246 coefficients.
Is ocale bassino methyl ether di-iod.ide contains 
two heavy atoms per asymmetric unit; thus, in the Patterson 
function, projected down the e-axis , there should be peales 
at | j , 2 , and 2x^ ^2 ) ’ a 011  ^' ne ^u ’ ^  ’ anc* al so
peaks at {,2-2y.j  ^ j , ainJ at 2 , 2 ~ 2 y (. on the J ire (2 , v )*
There should also be two general peaks at .[ ~2x.^ . ^
and at. ?.-2.N., ( , 2yl ( 2 ) .
In addition to these vectors between iodine 
atoms related by symmetry, there should be four peaks 
corresponding to vectors between the two separate iodine 
atoms. These peaks should occur at
X I( 1 )~XI(2) 1 yl( I r yi(2) ;
2""X l( 1 )_X l(2 ) ’ Yl( 1 ) + y l(2) ;
h x l ( 1 )-x ;l;(2); b y-|(l)-yl(2);
I(l) + X i(2); i + yl( 1 r y -L(2).X.
Thus, 011 the two dimensional Patterson projection 
there should be ten peaks, and this was found to be the 
case, Fourier line sections were calculated through 
each of these peaks in order that the coordinates might 
be determined.
The coordinates of the two heavy atoms obtained 
from the Patterson function were found to be
x/a y/b z/c
T ( 1) 0.38667 0.08000 0.56 500
1(2) 0.32 5 00 0.6467 5 0 . 5 0 0 0 0
3.4 SOLUTION OF T H E  S T R U C T U R E .
The value of r = ( 2 u/ " 2 r, 2 " )2 = 1 -77o
This figure indicates that of the phases based on the 
h e avy atom coordinates alone, approximately 60$> will 
lie w i t h i n  +_ 20° of the correct values for the phase
angle (Sim, 1 9 5 7 ).
These iodine coordinates, and isotropic 
temperature factors of U = 0.05 , were employed in
the first structure factor calculation. The value of 
the agreement index, R, summed over all the observed 
terms, was 4 2 . ()'f. ft was decided to reject structure 
factors which had an |Fo| value greater than twice the 
(fc| value. This ensures that terms which have been 
approximately correctly phased by the two iodine atoms 
are used as Fourier coefficients. After this elimination 
process, 1338 (or 89^) of the original 1502 terms remained.
From the First three dimensional Fourier 
calculation, based on the iodide ion phases, it was 
possible to allocate approximate coordinates to eighteen 
of the forty six light atoms. These were C(7), C(11), 0(12),
c( 1 3 ) , C(l4), C ( 1 y ) , C (2 O ) , 0 (2 3 ) , c ( 2 9 ), C ( 3 0 ) , 0(31 ), 0(32), 
c(33), 0(34), n(1), M(3), N (4), and 0 ( 1). This gave rise
to the partial skeleton shown in ftp;. XII.
W
N ( 1)
a  o,
2 *
[32
3o
F.i g .  1 1 1 .
At this stage, it was not possible to d i s t inguish the 
individual chemical types.
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The eighteen light atoins were included, all ay 
carbon atoms, in the second si,rue Lore Pa e tor calculation. 
Isotropic temperature I'ac Lors of U = 0.05 K wer e 
employed. This led to an overall agreernen t index, R, 
of 39 . 'yfo; that is, an overall decrease in R of’ 3. (rfo or 
0 . 2(/o per extra atom included. 1 h 13 of:’ these were 
regarded as being safely sign determined, and these were 
included in the next Fourier synthesis. From this m & p , 
it was found to be possible to allocate approximate 
coordinates to a further twenty one light atoms. This 
left seven of the light atoms still to be located. These 
were C(3), C < 21 ), C(22), 0(24), C(37), C(38), and C ( 4 .  
This gave rise to the partial skeleton s h own in fig. IV.
35
33
7^.
On the basis of peak heights, and knowledge of the structures 
of other members of this series of alkaloids, it was 
possible to identify the hetero-atoms, and also the position 
of the oxygen atom. The carbon-carbon double bonds between 
C(15) and C(l7), and als o be twee n C (2 0) an d 0 (2 5 ) we re 
t e n t atively assigned on the evidence of 'bond length and 
angle c a l c u l a t i o n s „
The third structure factor calculation was 
evaluated on the basis of the coordinates of the thirty 
nine light atoms and two iodine atoms. The light atoms 
were included as their appropriate chemical type, and 
once again overall isotropic temperature factors of 
U = 0.05 R 2 were employed. The value of the overall 
agreement index was 3 ^ . 9 that is a drop of k,k^>0 13-31
of these reflections were regarded as safely sign determined, 
and these were included in the third Fourier synthesis, 
from which it was possible to distinguish the entire 
structure, with the exception of 0 (31)0
The forty five light atoms were included, each 
as their appropriate chem:i.cal type, in the evaluation of 
the fourth set of structure factors. Overall temperature 
factors of U  = 0.05 R2 were again employed.
( 1 O
This led to an agreement index, of 3 1 u H'jb 0 A fourth 
Fo u r i e r  synthesis was computed from 1457 of these reflect! 
The p o s i t i o n  of the remaining atom, C(3l), was determined 
from the resul Ling electron density map. 'Phis Fourier 
synthesis also Indicated that the positions assigned to 
C ( 1 6 ) , C ( 2 1 ) , and 0 ( 2 2 ) were doubtful, as they (either 
gave a very oddly shaped peak, as in the case of C(l6), 
or were very poorly resolved, as in the case of C(2 1) cad 
C(22). These three atoms were therefore excluded from 
the next structure factor and phasing calculations.
In the fifth structure factor calculation, forty 
three light and two heavy atoms were included as their 
appropriate chemical types. The iso tropic temperature 
factors used in this calculation were the same as those 
of the previous one, namely, U = 0 o05 R ‘~. The agreement 
index obtained was R = 31. 2$„ The subsequent electron 
density distribution was calculated employing; the observed 
structure amplitudes, and the improved phase constants. 
Corrections for series termination errors were applied to 
the atomic coordinates by calculating "bac k - s h i f t ” 
corrections from a three dimensional |fc | Fourier synthesi 
computed using the same phase constants (booth, 193b).
By comparison of' I,he peak heights of' both those Fourier 
syntheses, adjustments were marie to (die i ud .i v i dual 
isotropic thermal paramoh'rs. From the \i'o| Four i nr 
s yn 11: i e s i s , coord in; x1 e s w < ‘ r e a. ss i gned to id i e throe 1 i gh t, 
a t o m s  1 ef't o u  f. of' fche caJ. c u  1 ft f i o n  ; 1.11a t is, C ( I 6 ) , 0 { 2  I )
and C( 22 ) . Isotropj c t einperaturo fjicfn rs of II = 0.05 
were assigned to these thro e atoms.
This completed the structure elucidation, and the 
course of the analysis is indicated in Table 1.
3.5 STRUCTURE REFT N E M E N T .
A sixth cycle of structure factors was calculated 
on the basis of the coordinates and isotropic temperature 
factors derived from the fifth Four i or synthesis. The 
agreement index fell to 30.3%• An |Fo| - 11<| synthesis
was carried out in order to indicate any coordinate or 
temperature factor adjustments which were required. Tills 
resulted in a reduction in the overall agreement index to 
3 0 . U^; that is, only 0.2^.
This fall in the agreement index was so disappoint 
ring; that it was decided that there was very little profit 
in continuing the refinement in this manner, and that a 
r e - e x a i n ination o f the origi n a 1 d < x t; i was i i ec essar y .
The intensities of refl.ee I, i.on were r o -  i tulexed , and any 
errors that were found were co r r e c :  fed . A cycle of 
structure factors was calculated empl oy i ng the coordinates 
and isotropic temperature factors obtained from the 
difference F o u rier synthesis. The overall agreement 
index that resulted was 28.5$. That is, a drop of 1.6^.
In addition to the correction of' indexing; errors, it, was 
decided to recalculate coordinates for the iodine atoms 
froin a three dimensional Patterson synthesis. The 
coordinates were determined unambiguously from sections 
through, the three dimensional Patterson function at 
( ,  v , w ) , ( u , § , w ) and ( u , v , \ ) . Th e s e Hark er s e c t.i. on s a r  e
shown in figs. 1 and 2; the iodine-iodine' vectors are 
designated A aricJ li , C and D, and E and F respec ti vely.
'The coordinates of the iodide ions wore 
determined to be
x/ a. - y/b z/c
1(1) 0.383 50 0.0795 3 0.58403
1(2) 0 . 3 2 3 2 2  0.64839 0.50000
These were confirmed by consulting the appropriate sections 
in the three dimensional Patterson function. Although the 
differences between these coordina tes and the coordinates 
obtained from the line sections are small, nevertheless
b/2
O
c/2
3,
2U
c/2
i_V
Fig. 1. The Harker Sections at U=i and V-s•
Fig.
a/ 2
2. The Harker Section at ¥=-§-.
7H.
the shifts involved are .larger than idiose ohtai.necJ from the 
F o u r i e r  syntheses.
Structure factors calculated us i:ri^  the iodide ion 
coordinates, and employing; isotropic temperature factors of 
U = 0.05 ^  , led to an agreement I. ruJex, R, of rjH. () % . This 
is b.0% less tlum the agreement index obtained from the 
structure factors calculated using the iodine coordinates 
obtained from the Patterson projection and the Fourier line 
s e c t i o n s .
A cycle of structure factors was now calculated 
u s ing the coordinates and temperature factors for the light 
atoms which were obtained from the \Fo| - 1 f c | s y n t h e s i s , 
and u s i n g  the new iodine coordinates obtained from the 
three dimensional Patterson synthesis. The temperature 
factor’s /'or iodine were Idiose obtained from the |Fo( - (Fc( 
calculation. The overall value of the agreement index 
which resulted was 27-1^. Thus, recalculation of the 
iodine coordinates, and correction of indexing errors led to 
a drop in the agreement index of 3.0^.
|Fo\ and If  c| Fouriers based on these coordinates 
were calculated, and "bac k - s h i f t ” corrections were made.
A cycle of' structure factors was evaluated, and th is led 
to an agreement index of 2 6.2%.
79.
T h e  c r y s t a l s  o f  . L s o c a l e b a s s  i .ne m e t h y l  e t h e r  
d i  — i o d i d e  w h i c h  w e r e  s u p p l i e d  I  n o r d e r  t o  u n d e r t a k e  t h e  
p r e s e n t  a n a l y s i s  w e r e  t h o u g h t  t o  c o n t a i n  p o s s i b l y  o n e  o r  
m o r e  w a t e r  m o l e c u l e s  o f '  c r y s t a l  l i s a  t j. on  • C o n s e q u e n t l y ,  
t h e  F o u r i e r  w h i c h  w a s  c a l c u l a t e d  a  I- t h i s  s t n . g e  i n  t h e  
a n a l y s i s  w a s  e x a m i n e d  i n  o r d e r  t h a t  t h e  p o s i t i o n s  o f  t h e s e  
w a t e r  m o l e c u l e s  m i g h t  b e  d e t e r m i n e d .  T h e r e  w o r e  t wo  
p e a k s  i n  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  w h i c h  c o u l d  
h a v e  c o r r e s p o n d e d  t o  w a t e r  m o l e c u l e ' s  of '  c r y s t a l l i s a t i o n ,  
b u t  w h e n  t h e  c y c l e  o f  s t r u c t u r e  F a c t o r s  m e n t i o n e d  a b o v e  
w a s  r e c a l c u l a t e d  c o n t a i n i n g  a l l  t h e  a t o m s ,  a n d  e a c h  o f  
t h e s e  p o s s i b l e  w a t e r  m o l e c u l e s  i n  t u r n ,  i t  w a s  f o u n d  t h a t  
t h e  a g r e e m e n t  i n d e x  i n c r e a s e d  s l i g h t l y  i n  e a c h  c a s e .  
T h e r e f o r e ,  i f ,  w a s  c o n c l u d e d  t h a t  t h e  c r y s t a l s  w h i c h  h a d  
b e e n  s u p p l i e d  d i d  n o t  c o n t a i n  a n y  w a t e r  m o l e c u J e s  o f  
c r y s t a l l i s a t i o n .  E x a m i n a t i o n  o f  t h e  F o u r i e r  s y n t h e s i s  
w h i c h  w a s  c a l c u l a t e d  f r o m  t h e  s t r u c t u r e  f a c t o r s  o b t a i n e d  
f r o m  t h e  f i n a l  l e a s t  s q u a r e s  c y c l e  o f  r e f i n e m e n t ,  c o n f i r m e d  
t h i s  c o n c l u s i o n .
R e f i n e m e n t  o f  t h e  p o s i t i o n a l  a n d  t h e r m a l  p a r a m e t e r s  
w a s  c o n t i n u e d  b y  t h e  m e t h o d  o f  l e a s t -  s q u a r e s .  T h e  
t e m p e r a t u r e  f a c t o r s  w e r e  s t i l l  r e f i n e d  i s o t r o p i c a l l y . F o u r  
c y c l e s  o n l y  s u c c e e d e d  i n  r e d u c i n g  t f i e  v a l u e  o f  t h e  a g r e e m e n t  
i n d e x  t o  2 2 . 8 ^ ;  t h a t  i s ,  a  d r o p  o f
(SO.
At this stage, it was decided I,hat the original 
d ecision not to carry out any absorption corrections was 
wrong. Although small crystals were used, Idiey were in 
the form of ’p l a t e s ’ , and so a very appro x i.ma. tc "cylindrical 
crystal." correction was carried out with an assumed crystal 
radius of 0 . 0 3  cm. This gave a value for JAM of '5.1 ; 
corrections as detailed in in te rnati .ona.1. TabJes for X-Ray 
Crystallography, Volume ITT, were made. Although this 
correction was very approximate, it was decided to 
recalculate one cycle of Isotropic least squares refinement 
to discover what effect this correction would have on the 
agreement index. The value obtained for R was 20.5^, a 
drop of 2 . 3fo .
One further cycle of isotropic least squares 
refinement reduced the value of the agreement index to 
19.9$. For the next least squares cycle, anisotropic 
values for the temperature factors were employed for twenty 
eight of the forty eight atoms. These were C(l) up to 
C (8), C (17), C (18), C (21), C (22), C (31) up to C(4l), N ( 1) 
and N(3), ° 0 )  and X ( 1 ) and l(2). This resulted in a 
reduction in the overall agreement index to 17.7
(S I .
Xn th.e next cycle cl least squares , anisotropic temperature 
factors were used for ali the atoms, and th i s Further 
reduced the overall agreement index to 16.9$. Two more 
cycles of least squares concluded the refinement at a 
value of the agreement index of R = 1 ’'y.tt'fo. A diagrammatic
representation of (die course of the analysis is provided in 
Table 1.
F or the structure factor c a l c u l a t i o n s , theoretical 
scattering factors were employed; those of Rerghuis e t .a l . 
( 1 9 55) for carbon, nitrogen and oxygen, and the Thomas- 
F e r m i , (1935) values for iodine.
The weighting scheme used in the least squares 
refinement was that of Cruickshank e t . a l . ( 1 9 6 lb); in
this
\J~w = 1/ (f-, + F + p2 -F2 )2 
The values used for the constant terms were
p ^ = 2 F min = 6.5 
P 2 = 2/F max = 0.0053
'PA I1LE I 
COURSE Ob' T HE ANALYSTS
O PERATION
2 Dime n s i o n a l  Patterson 
synthesis, and Fourier 
line sections.
ATOMS INCLUDED m i
1st 3D F o urier synthesis 2 (1.) 4 2 .3
2nd " " " 2 (1 ) + 18(C) 39» 3
3rd " " 2 (1 ) + 3 0  C) + O n ) + 0 34.9
4th " " " 2 (1 ) + 4o(C) + O n ) + 0 33.8
5 th " " " 2 ( 1 ) + 38(C) + O n ) + 0 31.2
6 th " " " 2 (1 ) + 41 ( C ) + k ( N ) + 0 3 0 . 3
7 th. " u " It H 3 0 .  1
Correction of indexing1 
errors
II II 28.5
3D Pat t e r s o n  synthesis - - - ----
1st 3D Fo u r i e r  synthesis 
( correc t e d )
2 ( 1 ) 38.9
7th 3D Fourier synthesis 
( corre c t e d )
2 ( 1 ) + 41 ( c ) + O n ) + 0 27. 1
8 th " " " II it 26 .2
1 st least squares cycle II it 25.9
2nd " " " It it 24. 1
3rd " "  " II 23.2
4th » " " It ii 22.8
OPERATION ATOMS INCLUDED R ($)
A b s o r p t i o n  Correction
5th Least Squares Cycle 2(l) + 4 l ( c )  + 4(n) + 0 20.5
6 th " " " " " 19.9
7 th " " " " " 17.7
8 th " " 11 it 1.
9th " " " » " 16.2
10th " " " " " 15.8
8 2  .
3 . 6 R E S U L T S 0 F T 1 IE AN/VI,Y8 1 S .
The final atomic coordinates and a n i s o t r o p i c  
temperature fae tor paramo Lors g-i. veu by the least squares 
refinement are listed in Tables 2 and 3 respectively. T h e  
standard deviations of the final atomic coordinates, w h i c h  
are given in Table 4, were derived from the least squares 
totals as fie failed in section 1.9 •
The interatomic bond lengths are listed in 
Table 5, and the interatomic bond a n g l e s  are given in 
Table 6.
Some of the more important intramolecular n o n ­
bonded distances are lis ted in Table 7» and Table 8 gives 
the shorter interim)Jecular contacts, which are defined as 
those contacts less than or equal to four Amgs fronts. T h e  
deviations of the individual atoms from the best p l a n e s  
through the various ring systems are given in T a b l e  9 •
In Table 10, the average bond lengths for the 
different types of bond which occur in the molecule have 
been worked out. These average values are compared with 
the standard accepted values for the appropriate bond type. 
Approximate intramolecular non-bonded distances found from 
a molecular model are listed in Tab.lo 11 , and these are 
compared with the actual, values which are given in Table 7.
The observed and calculated s I, rue l.uro factors 
are lis ted in Table 12, Idie values ,'d veti being- obtained 
from the final least squares cycle. Tin; final agreement
index, calculated over 1502 observed structure amplitudes 
is 1 5 .8^0 No unobserved s true l.uro amplitudes have been 
included in Table 12.
The final three dimensional electron density 
di s t r ibution over one molecule was calculated from the 
observed structure amplitudes and phase constants obtained 
from the final least squares cycle. This is shown in
fig. 6 by means of superimposed contour’ sections drawn 
parallel to (001). The atomic arrangement corresponding 
to this is shown i.11 fig. 7 and the packing of the molecules 
in the crystal as viewed along the c-axis is shown in 
fig. 8 .
U s ing the formulae given in section 1.9? the 
standard deviations for the bond lengths and the bond 
angles were evaluated. The average estimated standard 
deviation for a carbon-carbon single bond is 0.08 K, and 
for a typical tetrahedral angle it is 5 °»
8/-I .
3 . 7 P I S  C U S S  T O N  01° R E S U L T S  .
T h e  coJist i tut ion a n d  slereochoinisl.r'y of 
i s o c a l e b a s s i n e  m e  1,h y 1  e t h e r ’ d i - i oc 1 i de  as as t;11; 1 i s h e <i 
b y  t h i s  s t r u c t u r e  a n a l y s i s  a r e  s h e w n  in Tip;. V.
3*
F i g . V
The structure of isocalebassine consists of two 
separate ring systems joined by the carbon-carbon double 
bond between C(20) and C (2 5 ). The two parts are cis-fused 
about this double bond.
8  5 .
As in the structure of oC-oar y o pli y .1 1 ene alcohol 
(part 2 of this thesis) the bond lengths and interbond 
angles are not determined with suff'icicnt precision to 
permit a discussion of' apparent differences between 
chemically equivalent, bonds. Table 10 lists the average 
bond lengths in the molecule, and the accepted values, 
according to their type.
The average carbon-carbon bond length in the 
two benzene rings is 1.^-2 ft, which is in agreement with the 
expected value of 1.395 A for a bond between aromatic 
carbon atoms. The average sp^-carbon-sp^-carbon single 
bond length is 1.58 ft, which is also in agreement with 
the standard value of 1.5^5 ft in diamond. The average 
of th e ca r bon-carbon s i.ng 1 e bond. leng tla be t,ween 
sp^- and sp^~ hybridised carbon atoms is 1.57 ft- 
This does not differ significantly from the accepted value 
of 1.53 S. In the analyses of two similar alkaloids, 
caracurine II (McPhail and Sim, 1985), and macusine 
- A (McPhail, Rob e r t s o n  and Sim, 1 9 6 3 ), the values 
obtained for these carbon-carbon bond lengths were
1.57 -ft and 1.^7 ft respectively for caracurine II, and
1.57 ft and 1.51 ft respectively in the case of macusine - A.
The average value of the carbon-carbon double bond lengths.
8 6  .
O Q
1.37 A, is comparable with that; of 1.33 A reported for 
ethylene (Bartell and bonham, 1957)*
The average values for the sp -hybridisefJ 
carbon-quaternary nitrogen bond lengths and the s p - 
hybridised Cfirlion-ui trof'-en bond lengths a re 1.30 ft and 
u u u  X respectively. These are not significantly 
different from the accepted values of 1.48 K and 1.47 ft, 
respectively, which are fpiven in Tables of Interatomic 
Distances, 19 58.
The mean length of the aromatic carbon-ni trogen 
bonds is 1 .49 ft- Other values obtained for (dais bond 
are 1.47 ^ in 2 - c h l o r o - 4 - n i tr o - a n i 1ine (McPhail, 1963), 
and 1.49 ft in the 4-bromo-3-n:i tro-benzoic-acid (this 
thesis, page 112 ). The .average s p carbon-oxygen single 
bond is 1 . 50 ft , which Is in good agreement with the value 
of 1.48 A found in oC- caryophyllene alcohol (this thesis 
page 51), and 1.46 ft in h y d r o x y - L - p r o 1ine (Donohue and 
Trueblood, 195^).
The average interbond angle in the benzene 
rings is 1 1 9 .2 °, and in the pyrrole rings is 1 0 7 .6 °.
Both of these agree with the accepted values ('fables of 
Interatomic D i s tan c e s , 1958).
87 .
In the two cycJohexane rings, the average 
interbond angle is 1 0 9 -8 °, and in the two piperidine 
rings, the average in terbond angle is 111.9°- These 
also are in good agreement with the expected value for 
a tetrahedral angle. The average inter-bond angle in 
the r e m a i n i n g  three I* i ve-membo red rings is 10^.0°.
Alttiough the difference be (-ween this ang 1 e and the 
tetrahedral angle is less than three times the standard 
deviation of the bond a n g l e s , and thus the average value 
is not significantly less than tetrahedral, it is tempting 
to presume that there is some evidence for a smaller 
average angle, due to non-planarity of the ring-, as was 
observed in the case of o(-caryophyllene alcohol (this thesis, 
page 56).
About s[) ^ -hybridised carbon atoms, the average 
bond angle is 110.5°, and about the quaternary nitrogens, 
the average angle is 109.1 *• These results are in 
agreement with the expected value of 1 0 9 ° 2 8 v ('or the
2
tetrahedral angle. The average bond angle about sp - 
hybridised carbon atoms is 122.9°, in good agreement with 
the expected value of 120°.
8 8  .
Although the average in terbond angles In the 
ring system are in fair!y good agreement with the standard 
values, the individual angles vary over quite a large 
range. In particular, the values for a tetrahedral 
angle of 1^3.2° in C(7), 1^-8° 8° in C (14), and 78.5° in
the case of C ( '3 1 ) ; also, the value obtained tor- a 
trigonal angle of 159-8° in C (22). There is no particular 
reason why these large deviations should occur, and it 
is very difficult to account for them. The reason may 
be that these atoms have not bean completely refined to 
their correct positions by the least squares process.
Calculations of the best planes through 
several sets of atoms were carried out employing the 
method of Schoinaker e t . al . ( 1 9 59 ) ; the resul ts are 
summarised in Table 9- .Since the atomic parameters are 
not very accurate, the deviations of individual atoms 
from some of the planes which have been calculated are 
rather large. None of these deviations, however, are 
outside the limits set by the estimated standard 
deviations of the atomic coordinates.
The atoms N(l),-C(l), C(2), C(3), C(4), C(5),
C (6), C(7) and C(8) of the indoiine system are coplanar
within the limits of the standard deviations.
The e q u ation of' the best plane through these nine atoms 
is
0.4588 X  - 0 . 0 8 2 7  y + 0.8847 £ - (>.446 1 = o
The individual deviations of these atoms are listed in
Ta ble 9 *
The equation of' the best plane through the 
nine atoms of the second j. ndoline system, C(') 1 ), C ( 32 ) ,
c(33), c(3k ) . c(35), C (36), C(37), 0(38) and n(3) ls 
0 . 8 9 6 8  X  - 0.0867 y - 0.434o z - 4 . 0 5 3 2  = 0
The individual deviations of these atoms are listed in
Table 9; no deviation is significant. The best planes 
through the two indolino systems are mutually inclined 
at 88°.
The cyclohexane ring;, C, is cis-fused to 
ring B, and is in the ,! h,all'-chair" conformation. The 
atoms C(7), C(8), C(ll), 0(13) and C (14) are coplanar,
while C(12) is displaced by 0.72 $ from the plane. 
c( 14) is displaced a short distance from this plane, but, 
as suggested earlier in this section, 0(l4) may not have 
been correctly refined by the method of least squares.
This "half-chair" conformation for a cyclohexane ring 
cis-fused to an indoline system also occurs in the compound, 
caracurine II (McPhail and Sim, 19 6 5 ) , which has many 
structural features simi far to isoca.leba.ssi.ne.
<J0.
With respect to this cyc 1 olioxajio ring, ('([)) and 0( l) 
are equa lorial , wlu;re;is N( 1 ) , C(6) , N(2) , C( I i ) arid
C ( 1 9) are axiaA .
I 6
1 8
1 0
1 2
19
The piperidine ring-, D, is in the "chair" 
conformation, C(ll), N(2), C ( 1 'j) , .and 0(15) teing 
coplanar, while C(12) is 0.66 R and C(l6) is 0.46 R 
from the best plane through these four atoms, and on
opposite sides of it; C(10) is axial with respect to this 
ring-.
9 I.
In the five-incmberetJ rin;;', E, I.he atoms C(8),
^ ( 9 ) > C( 10) and C ( 1 1 ) are coplanar, whereas i\ ( 2 ) is 
displaced by 0. 1 U K liom the best p 1 a no t h raj ugh these 
lour atoins. Calculation of the best plane through the 
live atoms, 0(ll), C(19), C(2o) and N(l) of- ring
F leads to large deviations of the individual atoms from 
this plane. Application of the test (fisher and
Yates, 19 57) indicates that the atoms in ring F cannot 
be regarded as coplanar since 7 > 2 = 15.67 x 10 ^ , and
= !E* Cf ^  ~ ^3.5. This leads to a probability,
p, of less than 0.001. L e a ving out one atom at a time,
and calculating the best piano through the remaining four 
atoms does not lead to any significant improvement in the 
value o f .
2 2
92 .
The cyclohexane r in g , K, is once again cis- 
fused to the Lndoline system, and is in the " ii a J f - oh a ir" 
conformation. The atoms 0(25), C(26), C(28), C (21) and
C(32) are coplanar, while C ( 2 7 ) is displaced toy 1.05 ^ 
from tiiis plane. With respec I, to this e y c 1 o) 1 o x an c ring, 
C(30) is equa t o r i;i 1 , whereas C(2h), N ('j ) , C('j'l) and N ( ^  )
are axial. Tine piperidine ring, II, is in the "boat"
conformation; (J (2 4), C(26), 0(28) aruJ N(^) are coplanar,
while C (2 'j) is 0.90 K. and 0 (2 7 ) is 0.73 A Prom the best 
plane through these four atoms, and on the same side of 
it. Although the Individual deviations from this plane 
are rather l a r g e , they are all within the limits of the 
standard deviations of the atoms concerned. W ith respect 
to tills ring, 0 (2 9 ) is axial.
The atoms C(28), C(29), C(3l) and N(4) of the
five-membered ring-, 0, are coplanar within the limits 
of the standard d e v i a t i o n s , while 0 (3 0 ) is displaced 0.66 S
from the best plane through those four .atoms.
T h u s , in one half of the molecule the piperidine 
ring is in the "chair" conformation while in the other 
half of the molecule the piperidine ring is in the "boat" 
conformation. In the five-membered ring' E, the nitrogen 
atom is displaced from the plane of the ring, while it is 
a carbon atom which is displaced from the plane of the ring;
9 9 .
With respect to the double bond, 9 ( 1 5 ) - C (17), 
the atoms C(ld) and C(l8) are c i s , and w i th respec t to 
the double bond, C (22)- C (23 ) , the atoms 0(21 ) and C(2 6) 
are cis .
There is considerable strain involved in the 
central ring, F, of isocalebassine when the molecule 
assumes this conformation. This can be seen from the 
fact that the plane is markedly non-planar. 1 best 
plane calculation was carried out through the atoms around 
the double bond C(20)-C(25). The amount of strain 
involved in assuming this conformation can be seen by 
observing the deviation of the calculated planes from 
ideal behaviour. Mean planes were calculated through 
the two se ts of atoms C(20), C(id). C (2 5 ) and N (1 ) , and 
also through C(20) , C(25), C(26) and C('J2). The
individual deviations of these atoms from the planes are 
listed in Table 9* These two planes were found to be 
mutually inclined at 1 3 .5 °» significantly different from 
the ideal value of 0.0°.
Some idea of the factors causing this strain 
can be obtained from the construction of a molecular 
model on the basis of standard bond lengths and angles.
The conformation adopted by this model differs quite 
considerably from that described above.
94 .
T h e pip e r i d i i) e ri n g , If, ;i.ss u rri e s a d is tarter] 
"boat" conformation, and in the cyciolicxmic ring, K,
C ( 2 5 ) , C ( 2? ) , C ( 28 ) , C (131) and C('J2) are approximately 
coplanar and C (26) is displaced out of the plane through 
these five atoms. The approximate values tor some of 
the i n t r a molecular non-bonded distances in this model 
are g i ven in Table 11 , and are compared with the actual 
values obtained from the final atomic coordinates. From 
this table; , it can be seen that the non-bonded distances
c(4).........C('J2), e g ) ........ N(;.f), c(iy)........ c(2p,
C ( 2 0 )......... C ( 2 1 ) , and N ( 1 0 ( 2 1 ) are much longer
than w o uld be expected on the basis of the molecular 
model. In order to reduce any non-bonded interactions, 
the two parts of the molecule are rotated slightly about 
the C(20)-C(25) bond as axis, and this rotation is 
accompanied by mutual repulsion of these two parts.
From examination of the molecular model, this repulsion
should lead to a shortening of the N ( 'j) ..........d(l)
distance, and, in fact, this distance does shorten from
4.5 R to 3,5 R.
The molecular packing, as viewed along the
c-axls is shown in fig. 8, and the intermolecular contacts
less than or equal to 4.0 k are listed in Table 8. The
intermolecular contacts all correspond to normal Van 
(
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The final three dimensional electron density 
distribution over one molecule of isocalebass 
methyl ether di-iodide. The superimposed 
contour sections are drawn parallel to (00l).
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Fig. 7. The atomic arrangement corresponding to Fig. 6
Fig, 8. The arrangement of the molecules in the crystal 
as viewed along the c - a x i s .
T A B L E  2 .
I S O C A L E B A S S I  NE MET! I I L  E T H E R  D I - I O D I D E „
D L N A L  A TO M IC C O O R D I N A T E S •
ATOM. x./a y/h z/o
C( 1 ) 0.68^2 0.2 535 0 .288 3
C(2) 0 . 7480 0 . 2 7 8  1 0.2298
0(3) 0.7359 0 . 3 1 8 2 0 . 2411
c(k) 0.66 1 1 0 . 3860 ■ 0 . 5 1 9 0
0(5) . 0.5958 0 . 3088 0 . 8 6 7 5
0(6) 0.6187 0.2 68 3 0 . 5409
0(7) 0.4602 0 . 2 7 8 0 0 . 4 5 7 8
0(8) 0 . 5 2 1 9 0.2444 0 . 3 7 9 8
0(9) 0.5353 0 . 2 1 2 9 0 .4 9 8 6
c( 1 o) 0 . 5 0 9 3 0 . 1737 0 . 4 2 5 1
c( 1 1 ) 0.4886 0.2246 0 .2 4 06
C(12) 0.4827 0 . 2 5 0 6 0 . 1 424
0(13) 0. 3 4 0 9 0 . 2 6 0 6 0 . 2 1 5 8
c( 14) 0.4003 0.2841 0 . 3 2 6 9
C( 15) 0.2939 0.2228 0 . 2 5 9 0
C(l6) 0 . 3 6 2 7 0 . 1 9 8 6 0.8494
C (1 7 ) 0 . 2 0 9 6 0 . 2 1 8 1 0.2 873
TABLE 2 (Con I, . ) .
A T O M . x./a y/o V./ c
C( 18) 0 . I 434 0 . 2 3 9 2 0. I 598
C( 1 9 ) 0.3765 0 . 3 2 7 9 0 . 3 1 6 8
C( 20 ) 0.4612 0 .3499 0.3819
C( 2 1 ) 0 . 4 4 5 0 0.3959 -0. 0 3 2 6
C ( 22 ) 0.4615 0.4271 0.08 8 9
CMO 0 . 4 5 1 5 0. 4 8 9 2 0.2 390
c(24) 0.4489 0.4466 0.2102
C(25) 0 . 4 7 7 9 0 .391 1 0 . 3 8 0 6
C (26 ) 0 . 4 0 5 9 0 . 4 2 5 7 0 .3409
C(27) 0.3989 0.4479 0 . 4 8 1 5
C ( 28 ) 0.4888 0 ,4 6 5 5 0 . 4 7 1 0
C(29) 0.5951 0. 5 0 1 2 0 . 3 5 0 6
C(30) 0 . 6 0 7 3 0 . 4 5 8 0 0 . 3 9 9 0
C(31 ) 0.5756 0.4437 0 .5419
C(32) 0. 5 4 7 7 0.3999 0.5 0 7 6
C(33) 0 .6 1 3 6 0.4427 0 .6874
C(34) O .6326 0.4003 0 . 7 2 6 0
C(35) 0.6545 0.4009 0.8639
0 ( 3 6 ) 0 . 7 0 6 9 0.4242 0.9555
C (37) 0.69 2 6 0.4642 0.9052
0(38) 0.6 5 0 6 0 . 4 7 2 3 0.7755
TABLE 2 (CoJi t. )o
A T O M ,
C( 39 ) 
c(4o) 
c(4i )
N(1) 
N(2) 
N(3) 
N(4) 
0 (1 ) 
1(1 ) 
1 (2 )
X . / . M
0.431?
0.4701
0.4186
0.5059
0.4540
0.5828
0.4974
0 . 4 5 5 8
0 .3842
0 . 3 2 3 4
y/b
0.1617 
0 .5404
0 . 3 0 6 9
0.3139 
0 . 1 8 6 0  
0.3777 
0 . 5 0 0 6  
0 . 2 7 3 8  
0.0795 
0.6483
z/o
(). 1 933  
0 . 4 1 9 8  
0.6901 
0 . 4 3 3 6  
0 .3 1 48 
0,62 36 
0 .3680 
0 . 6 0 5 1  
0.5782 
0.4989
'FA LiLE 3 .
I S O C A L E H A S S I  NE M E T H Y L  E T H E R  1)1 - T  OD I l)E .
F I N A L  A N I S O T R O P I C  T E M P E R A T I J R E  F A C T O R S  ( K ‘
ATOM. U 11 U 22 "3 ) 2 ,,2 :s 2 I S > 2,1 i 2
C 1 ) 0.0291 0.0171 0 . 0 3 5 7 0 . 0 3 2 6 - 0.0 5 2 5 - 0 .0 0 9 7
C 2)
00•0 0 . 0381 0.012 0 -0. 0 36;l - 0 . 0 0 0 9 0 .0192
C 3) 0 . 0 3 6 7 0.0 I 54 O . 12 69 0 .0986 - 0 . 0 5 1 7 -0.0759
C 4) 0 . 0 6 0 9 0 . 0 1 8 3 0 . 0 1 9 2 0 . 0 1 2 9 0.0838 0.0 1 2 2
C 5) 0 . 0 1 2 9 0 . 0 1 9 8 0 . 0 1 7 5 0.0488 -0.0114 0 „ 01 1 8
C 6 ) 0 . 0 1 3 6 0 . 0 5 8 5 0 . 0 5 3 6 O'. 0 307 - 0 .01 6 5 -Go 0561
C 7) 0 . 0 5 3 6 0 . 0 1 0 9 0.0335 0.0355 - 0 . 0 2 3 6 0.0189
C 8) 0.0387 0 . 0 1 6 6 0.022 6 0 . 0 0 6 6 - 0 . 0 0 7 8 0 . 0 3 9 8
C 9) 0 . 0 6 2 2 0.0331 0.0361 0 .0521 -0.0184 -0.G02 5
C 10) 0.0355 0 . 0 2 6 5 0 . 0 4 7 2 - 0 . 0 5 3 6 -0.064 5 0 . 0 2 0 3
c 1 1 ) 0.02 64 0.038 3 0.016 0 0 . 0 3 7 0 - 0 . 0 3 6 8 — 0 .015 0
0 1 2 ) 0 . 0 6 5 7 0.08 34 0.1548 0 . 0 3 5 0 - 0 . 0 9 7 0 0.0142
c 13) 0 . 0 2 9 3 0.0268 0 .01 78 0 .o44 7 0.0449 -0.0328
c 14) 0.0377 0 . 0 3 9 0 0 . 0 6 3 8 -0.01 2^ 1
GOO-3"0 O.O I 56
c 15) O 0 0.0 00 0.0128 0.0342 - 0 .0409 - 0 . 0 2 7 8 - 0.0029
c 1 6 ) 0 . 0 3 2 9 0 . 0 2 6 3 0 . 0 6 0 0 0.0111 -0.08 1 5 - 0 . 0 3 8 0
c 17) 0 . 0 5 1 0 0 . 0 3 0 9 0.0468 -0.0388 0.1133 -0.0375
c 18) 0. 0 5 5 9 0 . 1 2 7 4 0.0139 0.164 8 - 0.0405 0 0 0 1 8 5
TABLE 3 (Cont.)0
ATOM.
U ii
TJ9 9 °33
2U
£ ) 2,,3. 2 U 12
C 1 9 ) 0.032 1 0.0 39 1 0.0 2 9 0 - 0 .0232 0 . 0 0 7 7 0.0045
C 2 0 ) 0.0149 0 . 0 1 3 2 0 .0 1 84 0 . 0 2 7 9 - 0 .00 1 5 0 . 0 0 3 7
C 2 1 ) 0.0167 0.0825 0.02 48 0.0408 - 0.0 3 0 6 -0 . 0 0 6 3
C 22 ) 0.0181 0.06 1 5 0.100 1 -0.0337 0 .0 348 - 0. 0 0 9 6
C 23) 0.0133 0.018 3 0.0147 - 0. 01 7 3 - 0 .0 1 34 -0 . 0 0 6 9
C 24) 0.0110 0.0149 0.0210 0 . 0 2 4 7 - 0 . 0 0 2 7 0 . 0 1 5 3
C 2 5 ) 0.0182 0.0128 0.0110 0 . 0 0 7 5 - 0 .0017 0 . 0 0 5 9
C 2 6 ) 0.0704 0.0140
OO
0.0211
C\i
ir\cvOOI 0 . 0 6 3 2
C 27) 0.0125 0.0311 0.0446 0. 0 5 0 7 0 . 0 0 9 3 0.02 6 5
C 28) 0.0145 0.0118 0 . 0 2 8 1 0 0 02 7 5 - 0 .0 1 o4 0 . 0 0 4 3
C 2 9 ) 0 . 0 5 0 3 0.035 3 0 . 0 2 1 7 0.0 595 - 0.0349 -Oo 0082
C 30) 0. 0268 0 . 0 1 0 4 0.0110 0.038 5 Oo 0315 0 . 0 1 4 5
C 31 ) Oo 02 70 Oo 02 1 5 0.048 3 0.0171 0 .07 36 Oo 0373
C 32) 0. 04 1 8 Oo 0307 0.022 8 - 0 „ 0507 0 .0751 0o0391
C 33) 0 . 0 1 0 6 0.0142 Oo 02 69 Oo 0057 - 0 . 0 8 8 7 — 0 . 0561
c 3 4 ) 0 . 0 5 2 7 0.0445 0 . 0 1 6 9 - 0.0181 0.0 1 2 6 -0.0098
c 35) 0.0221 0 . 0 3 2 5 0.0204 - 0 . 0 3 6 0 - 0 . 0 4 9 6 0.0 1 2 6
c 36) 0 . 0 5 7 6 0.053 5 0.0644 0.1321 0.0579 Oo 0059
c 37) 0 . 0 2 7 8 0.02 1 1 0.05 3 5 0 . 0 1 6 6 0.076 8 - 0 . 0 3 4 3
c. 38) 0.05 38 0.03 31 0.0544 0.03 59 0 .o44o 0 .04 57
T A B Lie 3 ( ConL . ) •
ATOM . 11 1 1 U22 1)3 3 2 02 3 2 % 21112
c (  39 ) 0 . 02.32 0 . 0 2  1 4 0 . 0 7 8 2 - 0 . 0 3 6 7 - 0 . 0 2  I 4 -  0 . o4 7 4
c ( 4 o ) 0 . 0 4 9 0 0 . 0 3 2 2 0 . 0 7  I 1 - 0 . 0 7 9 6 - 0 . 1 2 6 8 0 . 0 1 7 8
c ( m ) o.  0447 0 . 0 1 9 7 0 . 0 1 9 3 - 0 . 1 1 3 8 0 . 04 30 - 0 . 0 2 7 7
N( 1 ) 0 . 0 3 6 6 0 . 0 2 4 7 0 . 0337 0 . 0 2  1 3 - 0 . 0 0 7 5 - 0 . 0 0 3 7
N(2) 0 o 0 5 6 0 0 . 0 5 2 2 0 . 088 I 0.0333 - 0 . 0 5 2 2 • 0 0 oc
N(3) 0 .0481 Oo 0 1 9 0 0. 0 2 2 9 -Oo 0427 - 0 . 0 1 7 7 -0.0142
n (4) 0.0400 0 . 0 2 7 4 0 . 022 8 Oo 032 0 Oo 02 54 - 0 . 0042
0 ( 1 ) 0.0448 0.02 33 0.02 02 - 0. 0 3 5 2 - 0 . 0 9 7 3 -Oo 0 1 64
i ( i ) 0 . 0 6 2 0 0.0426 0 • O -P
- 0 . 0 2 6 0 0 . 0 2 3 6 - 0 . 0084
1(2) 0 . 0 6 9 5 0 . 0 6 2 5 0.0647 0 . 0 1 2 5 0 . 0408 0 . 0 1 0 3
TAIiLP 3.
ISOCALEBASSINE METIIYL ET HEN DJ- 1 00 I Dio .
STANDARD DEVIATIONS OP
THE PINAL ATOMIC COORDINATES ( L .
ATOM „ a ' W ere y ) <^ ( V. )
C( 1 ) 0 „ 0.5^ o.ohh 0.09 3
C(2) 0.067 0 .061 0.06 0
C(3) 0 . 0 6 6 Oo 054 . 0 . 0 7 8
c(-4) 0.061 0 . 0>4 7 0 . 056
C(5) Oo 05 3 0.03 3 0 . 0 5 3
0 (6 ) 0.056 0.062 0 0 0 5 7
0(7) 0.0 5 6 0 . 0^ 3 0.0 53
0 (8 ) 0 . 0 6 0 Oo 05/4 0 . 062
0(9) 0 . 068 0 . 062 0 .070
C( 1 0) . 0 . 0 6 0 0 . 058 0 . 070
C ( 1 1 ) 0.062 0 . 0 6 0
Lf>
VCc0
C( 1 2 ) 0.082 0 . 085 0 . 088
0(13) 0.039 0. 056 0 00
C( 14 ) 0.063 0 . 066 Oo 067
C(15) 0.031 0 . 048 0 . 058
C ( 1 6 ) 0.060 0.05 3 0 . 057
C(1?) Oo 068 0 . 067 0.072
TAI3LLC 4 (  C o l l  I .  )  .
ATOM. 6"(x) <SK y ) <T( * )
C( 18) 0. 074 0. 089 0 . 00 6
C( 19) 0. 06 1 0.062 0. 06 0
C ( 20 ) 0. o46 0. 04 r) 0 . 05 0
C ( 2 1 ) 0.0 5/4 0. 06 7 0 . 0 5 8
C ( 22 ) 0 . 0 3 0 0. 066 0 . 077
C(2.3) 0 . 05 1 0. 046 0.05 5
C(24) 0. 048 0 . o46 0.056
C(25) 0. 049 0 . o46 0. 054
C ( 2 6 ) 0 . 0 6 7 0.06 1 0. 064
C(27) 0 . 0 5 3 0 . 052 0.062
C (28 ) 0.046 0 . 045 0.055
C(29) 0.062 0.061 0.061
o o 0. 054 0. 044 0 . 0 5 1
C(31 ) 0 . 0 5 5 0.05 5 0. 068
C(32) 0 . 057 0.057 0 .061
C (33) 0. 049 0.04 6 0 . 0 5 0
0(34) 0 . 068 0.062 0 . 0 6 0
C(35) 0 . 059 0 . 056 0 . 055
0(36) 0 . 069 Oo 070 Oo 0 7 6
0(37) 0 . 0 5 6 . 0. 049 0 . 0 6 3
C( 38) 0.066 0. 06 0 0 .069
'TABLE 4 (Con t. ).
ATOM. y ) <r( *)
C( 39 ) O. 05 3 o . 050 0 .063
C(4o) 0.066 0.057 0.074
C(4 1 ) 0.059 0 . 052 0 . 0 5 9
N(1) 0.044 0 . 0 3 7 0. 03 6
N(2) 0.061 0 . 0 5 9 0 . 06 3
N(3) 0. 0.50 0. 04 3 0. 039
n (4) 0.04? 0 . 047 0„ 052
0(1) 0. 038 0. 034 0o039
1(1 ) 0. 005 0 • 0 0 0.005
1(2) 0. 005 0.005 . 0.00 5
TABLE 5.
I S O C A L E B A S S I N E  METHYL ETIIEN 1)1-IODIDE
ONU LENCTIIS. (ft ) •
c 1 ) - C 2)
00r'ft C 1 3 ) - C 1 5 ) 1.51
c 1 ) - c 6 ) 1 . 3 0 c 1 4 ) - c 19) 1.51
c 2 ) - c 3 ) 1 . 3 6 c 1 5 ) - c 1 6 ) 1 . 6  3
c 3 ) - c * 0 1 . 4 9 c 1 5 ) - c 1 7 ) 1 . 32
c * 0 - c 3 ) 1 . 4 3 c 1 6 ) - N 2 ) 1 . 4 6
c 5 ) - c 6 ) 1 J 41 c 1 7 ) - c 1 8 ) 1 . 4 3
c 5) - N 1 ) 1 . 5 1 c 1 9 ) - c 2 0 ) 1 . 6 1
c 6 ) c 8 ) 1 . 6 4 c 2 0 ) - N 1 ) 1 . 4 7
c 7 ) - c 8 ) 1 . 6 5 c 2 0 ) - c 23) 1 . 4 0
c 7 ) - c 1/4) 1 . 6 0 c 2 1 ) - c 22 ) 1.62
c 7 ) - N 1 ) 1 . 4 0 c 22 ) - c 24 ) 1 . 3 9
c 7 ) - 0 1 ) 1 . 4 9 c 2 3 ) - c 2 4 ) 1 . 4 5
c 8 ) - c 9) 1 0 6 0 c 2 3 ) - N 1 . 3 1
c 8 ) - c 1 1 ) 1 o 62 c 2 4 ) - c 26) 1 . 6 2
c 9 ) - c 1 0 ) 1.56 c 2 5 ) - c 2 6 ) 1 . 6 5
c 1 0 ) - N 2 ) 10 43 c 2 5 ) - c 32) 1 .63
c 11) - c 1 2 ) 1 . 5 6 c 2 6 ) - c 2 7 ) 1 .60
c 1 1 ) - N 2) 1 . 5 8 c 2 7 ) - c 28) 1 . 4 7
c 1 2 ) - C 1 3 ) 1.60 c 28 ) - c 31 ) 1 . 6 3
c 13) - c 1 4 ) 1 063 c 28) — N ' +) 1 .57
TABLE 9 (Con L.).
0 (2 9 ) - N ( 4 ) 1 .48 0(34) - N(3) 1.48
0 (2 9 ) - 0(30) 1 .53 0(3*!) - 0(35) 1 .42
C( 30) - 0(31) I . 5 B 0(35) - 0 (36) 1 o 44
0(31 ) - 0 (32) 1 .56 0(36) - 0(37) 1.4 5
0(31 ) - 0(33) 1 .57 0(37) - 0(38) 1 .47
0 (32) - N(3) 1 .48 0(39) - N(2) 1 .50
0(33) - 0(3*0 1 .50 c(ko) - T O 1 .49
0(33) - 0(38) 1 .44 0(41 ) - o ( 0 1.51
T A B L E  6 .
C(2) - 
C(l) - 
C(2) -
C(3) - 
C O )  -
C(k) - 
C ( 6 ) - 
C(1) - 
C(1) - 
C(5) - 
C( 8 ) - 
C ( 8 ) - 
C(8) - 
C( 11*)- 
C ( 1 k ) -
N( 1 ) -
C(6) - 
0(6) - 
0 (6 ) -
I SOCA LBBASS I \B MLC'I'IIYL ETHEL I) I - I ()I) I 1)1'
B O N D  A N O  L B S  ( ° ) .
c 1 ) -C 8 ) 1 2 1 C 7 ) -C 8 ) -C 9) 99
c 2 ) -C 3) 1 1 7 0 7) -c 8 ) - 0 1 1 ) 1 2 1
c 3) - 0 * 0 123 C 9 ) - c 8 ) -C 1 1 ) 1 i4
c 4) -C 5) 1 1 7 C 8 ) - 0 9) -0 1 0 ) 99
c 5) -C 6) 1 i4 C 9 ) -c 1 0 -N *) 1 06
c 5) - N l ) I 34 c 8 ) - 0 1 1 - 0 1 2 ) I 19
c 3) - N I ) 1 1 I 0 8 ) -C 11 -N 3) 92
c 8 ) -C 3) 128 c 12 )-C 11 -N 2 ) 125
c 6 ) -c 8 ) 127 0 1 1 )-c 1 2 -C 13) 1 07
c 6 ) -c 8 ) 10 3 0 1 2 ) - 0 13 -C 1 5) 1 1 1
c 7) -c 14) 91 c 12 )-C 1 3 - 0 14) 87
c 7) -N 1.) 1 0 3 c
oi 1 3 -c 1.5) 1 18
c 7) - 0 1 ) 1 1 6 0 7 ) - 0 14 -c 13) 144
c 7) -N 1 ) 91 0 7) -0 14 - 0 19 ) 1 08
c 7) - 0 1 ) 1 4 3 0 Vj)-C. 14 - 0 19 ) 107
c 7) - 0 1 ) 1 06 c
01 15 -c 1 6 ) 1 08
c 8) -c 7) 1 05 c 1 3)-C 15 -c 17) 127
c 8) -c 9) 1 1 3 c 1 6 ) -C 1 5 -c 17) 1 24
0 8 ) - c 1 1 ) 105 c 1 5 ) - 0 1 6 -1ST 8) 1 2 6
TAHLK (> ( Coji i- . ) .
c 1 5 )-C 17 -C 18 ) 1 30 0 29 - 0 30 - 0 3 I ) I 2 2
c 14) -c 19 -c 2 0 ) 1 0 3 c 2 8 -C 3 1 —  (! 30) 74
c 19) -C 20 -c 25) 127 c 2 8 -C 3 1 -0 32 ) 96
c 19) -C 20 -N 1 ) 98 c 2 8 -C 31 -0 35) 1 34
c 25) -C 20 -N I) 1 3 5 c 30 31 -0 32) 99
c 2 1 )-C 22 -C 24) 1 59 c 30 -c 31 -c 33) 1 38
c 24) -C 23 -N 4) 1 1 5 c 32 -c 31 -c 33) 1 06
c 22 )-C 24 -C 23) 129 c 25 -c 32 -c 31) 120
c 22 )-C 24 -C 2 6 ) 124 c 25 -c 32 -N 3) 1 36
c 23) -C 24 -c 2 6 ) 1 06 c 31 -C 32 -N 3) 1 02
c 20) -C 25 -c 2 6 ) I 24 c 31 -C 33 -C 34) 1 09
c 20) -C 25 -C 3 2 ) 1 09 c 31 -C 33 -C 38) 1 34
c 2 6) -C 2 5 -c 3 2 ) 120 c 54 -c 33 -0 38) 1 1 5
c 24) -C 2 6 -c 2 5 ) I 0 5 c 3 3 -0 34 -c 35) 1 06
c 24) -C 2 6 -c 2 7 ) 123 c 33 -c 34 -N 3) 1 02
c 25) -C 2 6 -c 2 7 ) 97 c 3 5 -c 34 -N 3) 143
c 26) -C 27 -c 28) 94 c 34 -0 35 -0 36) 1 39
c 27 )-C 28 -c 3 1 ) 12 1 c 35 -C 36 -C 37) 101
c 2 7 )-C 28 -N 4) 1 1 5 c 36 -c 37 -c 38) 123
c 3 1 )-C 28 -N 4) 123 c 33 -0 38 -0 37) 126
c 3 0 )-C 29 -N 4) 94 c 0 -N 1 ) -c 7) 1 1 5
TABLE 6 (Con t. ) .
C(5) -N( 1 ) -C 2 0 ) 1 1 0 0 3 2 )-N(3 ) 0(34) I 1 8
1Z1o 2 0 ) 1 22 o 23)-N(4) -0(28) 1 1 0
C (1 0 )-N(2 ) -C 1 1 ) 1 l4 c 2 3)-N(4) -0(29) I I 1
C ( 1 0 )-N(2 ) -C 16) 1 1 6 0 2 3 ) -N(4 ) -0(40) I 14
C(10)-N(2) -C 39) 126 0 28)-N (4 ) -0 (2 9 ) 1 0 0
C(11)-N(2) -C 1 6 ) 1 03 c 28)—N(4) -C(40) 1 1 5
C ( 1 1 )-N(2) -C 39) 98 c 29 )-N(4 ) -c(4o) 1 08
C ( 1 6 )-N(2) -C 39) 96 c 7) -0 (1 ) -C(41 ) 12 1
TABLE 7.
I S O C A L E B A S S 1 N E  M E T H Y L  E T H E R  T) J -  1 01) 1 DC .
SOME I N T R  A M O LE C U L A R  N O N - B O N D E D  D I S T A N C E S  ( A M .
C(1)......C ( ? ) 3.8?
C(1)......C ( 8 ) 2.64
C(1 ) . . N( 1 ) 3.67
C ( 2 )......C ( 8 ) 3.88
C(3)......N ( 1 ) 3.96
C(4)......C ( 8 ) 3.75
C(4)........ C ( 20 ) 3.10
0(4)...... C(25) 3.38
0(4)..... oC(32) 3.32
0(4)...... C(3^) 4 0 6 0
C(4)......N( 3 ) 3.55
C( 3 )......C ( 1 2 ) 3.85
C( 5 )......C ( 2 0 ) 2.44
C ( 5 )...... C(25) 3.27
C ( 5 )......C( 3 2 ) 3 . 4 3
C ( 5 )......N ( 3 ) 3.45
C ( 5 ).......0 (1 ) 3.38
C ( 6 )......C ( 1 2 ) 3.42
C(6).......0 (1 ) 3-56
C ( 7 ) ...... 0(9) 2.48
0 ( 7 ) ...... 0(10) 3.58
0 ( 7 ) ...... 0(15) 3.69
0 ( 7 ) ...... 0 ( 1 6 ) 3.27
0 ( 7 ) . .  C ( 20 ) 2.52
0 (7 ) ...... 0 (2 5 ) 3.85
0 (7 )...... 0 (4 1 ) 2 . 6 0
0(7) .. . .. .N(2) 3.39
0 (8 )...... 0 ( 1 6 ) 2.89
0 (8 )...... 0 ( 1 9 ) 3 .6 O
0 (8 )...... 0 (2 0 ) 3.64
C(tf)...... N ( 2 ) 2.29
0 (8 )...... 0 ( 1 ) 2.66
0 ( 8 ) ...... 0(15) 3.70
0 (9 ) ...... 0 ( 1 1 ) 2.71
0 ( 9 ) ...... 0 ( 1 6 ) 3 . 04
0 ( 9 ) ...... N(l) 3.46
0 ( 9 ) ...... 0 ( 1 ) 2 . 59
0 ( 10 ) o . . . . 0 ( I I ) 2.52
TABLE 7 (Cont.).
c 1 0 .....C 12) 3.98 0 1 6 ..... 0 1) 3.
c I 0 ..... 0 1) 3.89 G 19 .....G 2 1 ) 4.
c 1 1 1 5) 2.93 G 19 .....G 2 2 ) 4.
c 11 .....C 1 6) 2 . 38 C 19 .....G 24) 4.
c 11 .....C 19) 3.91 0 19 26) 3.
c 11 ..... N 1) 3. 56 C 19 32) 4.
c 12 17) 3.70 c 19 25) 2 .
c 1 2 ..... N 1 ) 3.77 c 20 2 1 ) 4 .
c 13 .....C 1 7 ) 2 . 54 c 20 ..... C 22 ) 3.
c 13 .....C 18) 3.16 c 20 .....C 26) 2.
c 13 .... .c 19) 2 . 5 2 c 20 ..... C 27) 3.
c 13 20) • oc c 2 0 ..... c 28) 3.
c 1 3 ..... N 1 ) 3.75 c 2 0 ..... 0 31 ) 3 •
c 14 ..... C 1 6 ) 2.99 G 2 0 .....G 32 ) 2 .
G 14 ..... c 2 1 ) 5 0 20 G 2 0 ..... N 3) 3.
c 1 4 ..... c 2 5 ) 3.81 c 2 1 24) 2 .
c 15 ..... c 18) 2 . 49 c 2 1 ..... C 2 6 ) 3.
c 15 ..... c 1 9 ) 3.77 c 2 1 ..... N 1) 5 .
c 15 .............c 39) 2.98 G 22 ___ _ G 2.6) 2 .
c 15 ..... N 2) 2 . 7 6 c 2 2 ..... C 2 3 ) 2 .
c 16 .............c 17) 2 . 62 c 22 « 0 ... 0 2 5 ) 3.
c 16 .... c 18) 3.99 G 2 2 ..... G 3 0 ) 3 •
c 16 ..... c 39) 2.21 G 2 2 ..... N '0 3 •
90
'30
20
20
30
00
69
h o
91
70
55
98
92
46
17
96
92
50
66
57
2 3
94
76
TAI3LE 7 (Coiil.).
c 2 3 . . . . .  C 25) 3 . 62 c 27) .... N 3) 3.
c 2 3 .....C 29) 2 . '4 6 0 28) .......C 33) 2 .
c 2 3 . . . .  . c 30) 3 . 02 c 28 ).......0 34 ) 3.
c 23 .......C '31 ) 'v.O oc 0 28 ).......0 38) 3.
c 2 3 '10) 2 . 5 1 c 28) .....N 3) 3.
c 2k .....C 29) 3.18 c 29) 32) 3.
c 2k 30) 3. 06 c 30) 32) 2.
c 2k .......C 31 ) 3.83 c 30) .......N 3) 3.
c 2k . 0 . . .C 32) 3.67 c 31 ).......c 35) 3.
c 2 k . c c 0 .0 4o) 3.79 c 31 ).......c 38) 2 .
c 2k .......C 23) 2 0 6 0 c 31 ). . . . .  N M 2 0
c 25 . 0 . . .c 27) 2.43 c 32) 35) 3.
c 25 .....C 28) 2.63 c 32) 38) 3.
c 25 .......C 30) 2 . 9 6 c 32) . . . . .N 1 ) 3.
c 25 .......N 1 ) 2.63 c 38) .....N 3) 3.
c 25 ..... N 3) 2 . 88 c 4 1 )..... N 1) 2 .
c 25 ..... NT k) 3 . 67 c 4 1 ) .......N 3) 3.
c 2 6 .......C 29) oc 0 N 1 ). .......N 3) 3.
c 26 .......C 30) 3.26 N 1 ). .......0 1 ) 2.
c 2 6 ...,.N 1 ) 4.01 N 3). .....0 1) 3.
c 26 . . . . .  N *0
{>00CM
89
97
99
91
60
80
4o
52
72
77
83
91
93
03
65
89
48
08
31
96
T/YHLE H.
I S O C A L E H A . S S  I N E  M E T H Y L  E T H E R  1 )1 -1  01)1 Dio
INTERM O L E C U L A R  CONTACT PS LESS THAN /i- X\
C ( 2 1 ). HH
mo•o 3.32 0 ( 2 0 3.91
C ( 2 9 ) . ----C ( 3 7 )I1X 3. kk 0(22 ) . „ . . .C i 6 ) i l
3.92
0(1).. . . . . C ( 18)-^ 3.68 0 (/hi )..... 0 1«) , 3.9 3
C ( 2 1 ) . . ...C(3'Orj; 3.72 0(2 ) ...... 0 ').I 3.93
C ( 22 ) . ---- C( 3 5 ) IX 3. 78 C ( 3 0 ) . . o ..0 r/) I II 3.97
N(3). •---- C ( 17 )T 3. 8h C ( 3*0 »----0 17)I 3.98
c(3 8 ). • • H H < 3.90 0 ( 2 9 ) ..... 0 3 8 ) m 3.99
The subscripts refer to the following equivalent 
pos i t i o n s .
I
II
I I I
I V
X
x :3 / 2
1 - x;
2 - y; 
y ;
1 - y ;
i + y ;
1 - z
- 1  + z
-  i + v
3/2 - z
TABLE 9.
I S O C A L E B A S S 1 NE METHYL ETHER III-.101) IDE.
DEVIATIONS FROM THE BEST PLANES 
THROUGH SETS OF A T O M S .(K )
(a). P L ANE DE F I N E D  BY C (1 ), C (2 ) , 0(3), C (4 ), C( 5 ) t C (6) ,
0(7), 0(8) and N ( l ) .
A T O M . D E V I A T I O N . A T O M . D E V I A T I O N .
C(1) -0.13 0(6) -0.06
C (2) 0.02 0(7) -0.02
C (3) 0.12 0(8) 0.16
C(4 ) -0.01 N (1) -0.02
c(5) - 0.06
(b ). PLANE (C) D E F INED BY C (7 ) ,C (8),0(1 I ) ,C (13) and C(l4).
ATOM DEVIATION A T O M  DEVIATION
C ( 7 ) - 0. 1 4 C ( 1 3 ) - 0. 1 4
0(8) -0.00 C(l4) 0.24
C(11) 0.04 C ( 12) 0.73
( c ). PLANE (D ) DEFINED BY C (11 ) ,C (13 ) ,0(13) and N (2).
ATO M  DEVIATION ATOM DEVIATION
C ( 1 1 ) 0.07 N (2) -0.07
0 ( 1 3) - 0.07 0( 12) 0.67
C(15) 0.07 0 ( 1 6 ) -0.46
(d). PLANE
TABLE [) 
(e) DEFINED by
(Eon I. ) . 
0(8),0(9), 0(10) and C(11).
A T O M DEVIATION ATOM DEVIATION
C (8) 0. 00 0 ( I I ) -0. 00
c(9) -0. 00 N(2) -Oo 5;+
c( 1 o) 0. 00
(e) PLANE (f ) DEFINED BY 0(7),0(14), C (19 ) ,C (2 0) and N ( I )
A T O M DEVIATION ATOM DEVIATION
C(7) -0.23 0(20) -0.05
c( 14) 0.23 N( 1 ) 0.15
C (1 9 ) -0.I6
(f ) PLANE D E F INED BY C (31 ) ,C(32) ,C('J 3) ,0(34),0(35),0(36)
0 ( 3 7 ) ,c(38) and N(3).
ATO M DEVIATION ATOM DEVIATION
C ( 3 1 ) 0.0 6 0(36) 0.08
C ( 3 2 ) -  0 . 0^ 4 0(37) -0. 00
C(33) -0. 06 0(38) -0.03
C ( ) 0.13 N(3) -0.01
C(35) -0.13
(g ) PLANE (G) DEFINED BY C ( 28),0(29) ,C (3 1 ) and N ( k ).
ATOM D E V IATION ATOM DEVIATION
0(28) 0. 04 N (4) -o„o4
0 (2 9 ) 0. 02 C ( 3 0 ) 0.66
0(81 ) -0. 02
TABLE [) ( C o 11 I . ) .
(h). PLANE (ll) DEFINED 15Y <J(2/| ) ,c(20) ,0(28) and N ( h ) .
ATOM DEVIATI ON ATOM DIO V 1 AT I ON
C ( 2 h ) 0. I 6 N('l ) - 0 . 1 7
C ( 2 6 ) -0.I8 0(2')) - O . 5O
C (28) 0.19 C(2?) -0.73
(i ) PLANE (k ) d e f i n e d  b y c ( 2 5 ) , 0 ( 2 6 ) , 0 ( 2 8 ) ,0(81) and 0 (3 2 ).
A T O M DE VIATI ON ATOM DEVIATION.
C (2 5 ) 0.10 0(81) 0.10
C (26 ) -0. 02 0(32) - 0 .
C (2 8 )
-3"ooI 0(27) -1 . 05
( j ) PLANE DEFINED BY C(l 9) ,C(20) ,0(2,5) and N (1).
ATOM DEVIATION ATOM DEVIATION
C ( 1 9 ) i o • o o 0(25) -0.01
C ( 2 0 ) 0.01 N ( 1 ) -0. 00
(k) PLANE D E F I N E D  BY 0(2 Q),0 (2 5 ),0 (2 6 ) and 0 (3 2 ).
ATOM DEVIATION ATOM DEVIATION
C ( 2 0 ) i o • c O c (2 6 ) -0.0 6
C(25) -0.17 0 ('3 2 ) I O • O
TABLE 10.
IS 0 CA L E 15A S SIN E M E T 11YL ETHER DI-TODi DE .
A V E R A G E  ROND LENGTHS IN T HE MOLECULE
BOND. NUMBER OF 
B O N D S .
MEAN
VALUE
STANDAR] 
VA LEE
CA RBON-CARBON  
( A r o m a t i c )
1 2 1 .42 1 . 395
CARBON (sp-3)- C A R B O N ( s p 3 ) 15 1 . 58 I . 54 5
C A R B O N ( s p 3 )- C A R B O N (sp2 ) 9 1. 56 1 .53
C A R B O N ( s p 2 )- C A R B O N (sp2 ) 3 1 .37 1 .337
C A R B O N ( sp^ ) -CARBON 
(Aroma t ic)
2 1.60 1.525
C A R B O N ( s p V NITROGEN 
(Q u a t e r n a r y )
8 1 . 50 1 0 479
C A R B O N ( s p ^  ) - NITROGEN 
( T r i g o n a l )
2 1 .44 1 .472
C A R B O N ( A r o m a t i c )-NITROGEN 2
( T r i g o n a l ) .
1 .49 1 .47
C A R B O N (sp ^ )- O X Y G E N , 2 1 o 50 1 .43
TABLE II.
T S O C A L E B A S S I N E  METHYL ETHER 1)1-1 Ol) I 1)10 .
C O M P A R I S O N  OF SOME
I N  T R A  M0 L E C U L A R  N O N - B O N D E I )  C O N T A C T S .(R)
M O L E C U L A R  C A L C U L A T E D  V A L U E  FROM
M ODEL  T R U E  C O N F O R M A T I O N
. . .C(32) 2.3 3 .3
C(k)... . . . C ( 34 ) 3.7 4 .6
C(k)... . . • N ( 3 ) 2.9 3.6
c( 14). , , C ( 2 1 ) 4.4 5.2
C.(1 9) . • , , .C(21 ) 3.4 4 .3
C( 19) • • . .. C ( 22) 3.9 4.2
C( 19).- , . , C ( 2 4 ) 3 • 9 • 4.2
C ( 19) . •. . . C (26) 2.9 3.3
c( 19) o . . . .C(32) 3.9 4.0
C ( 2 0 ) . .. ..C(21) 3.4 4.4
C ( 2 0 ) . . . . .C(22) 3.7 3.9
C ( 2 0 ) . .. . .N(3) 2.8 3.2
C ( 2 1 ) . . . . .N( 1 ) 4.1 5.5
C(32) . . . . .N (1) 2.8 3.0
N ( 1 ) - • • . . .N( 3 ) 2.6 3 . 1
N(3)... , . C (41 ) 4.5 3.5
N( 3) . . - .. 0 ( 1 ) 4.5 4.0
TABLE 12 (Overleaf).
I S O C A L E B A S S I N E  METHYL E T HER D I - I O D I D E . 
THE OBSERVED A ND CALCULATED
STRUCTURE A M P L I T U D E S .
H K L Fo Fc
o 6 
0 3 
0 10 0 12 
0 14 
o 16 
0 13 
0 26  
0 23
0 301 2 
1 3
1 15 1 1$ 
1 17 
1 19
' 1 23  1 30 
1 32
0 4 0 .9  33 .3  
0 116.9  123.0 
0 110.2 93 .3
0 144.3 113.7  
0 222 .2  177.2 
0 215.1 172.7  
0 134.1 101.6  
0 92.1 73 .5
0 168.1 145.2 
0 6 3 .2  59.1 
0 112.9  113.6  
0 4 6 .9  33 .2  
0 123.7 129.3  
0 41 .4  51 .3
0 31 .2 35 .6
0 126.1 112.1 
0 319.0  323.7
0 84 . 7 82.0
0 1 89 .8  1 72 .6  
0 2 0 8 .5  165.1 
0 13 1 .8  96.4  
0 36 .3  45 .3  
0 132.2 96 .6  
0 2 6 .9  18 .8  
0 2 0 5 .3  1 86 .9  
0 6 8 .8  6 2 . B 
0 16 0 .9  122.1 
0 77 .2  68.1 
0 1 0 3 .3  92 .6  
0 87.1 79.1
0 110.3 88 .0  
0 6 3 .2  51.2  
0 81 .3  69 .2
0 60 .3  60 .6  
0 76.1 6 4 .3
0 3 8 .0  2 8 .7
0 179.3  198.6
2 10 
2 11 
2 12 
2 13
1 0 5 .5  9 .7
2 0 7 9 .3  84.4
3 0 4 2 .3  54 .4
4 0 122.4 117.2
5 0 167.7 214.4
6 0 86 . 8 69 .5
7 0 6 6 .8  71.1
8 0 84 .5  52 .6
0 2 9 8 .8  327.0 
0 107.7  114.0 
0 54.1 57 .2
0 3 .0  7 .6
0 5 9 .3  59 .8  
0 5 5 .0  65 .9  
0 83 .4 79 .0
0 9 3 .6  88.1
0 126 .7  129.6  
0 7 7 .9  61 .0 
0 37 .2  80.2
0 19 .2  26 .0  
0. 131.5 124.6  
0 9 9 .6  0S.8
2 2 .4  34 .2
2 16 
2 17 
2 13 
2 19 
2 20 
2 21 
2 23 
2 25 
2 27 
2 29
2 35
3 1 
3 2
3 14 
3 15 
3 16 
3 17. 
3 18 
3 19 
3 20 
3 21 
3 22 
3 24 
3 25 
3 26 
3 28
3 32
4 0 
4 1
4 3 
4 9 
4 11 
4 12 
4 14 
4 15 
4 IB  
4 19 
4 21 
4 24 
4 25 
4 26 
4 29 
4 30
4 32
5 1 
5 2
5 10 
5 11 55 14 
5 15
0 81.2 _ _ 
0 53 .2  35 .7  
0 6 4 .8  78 .0  
0 147.4 116.4  
0 201 .3  197.4 
0 14 .0  3 .5
0 39.1 20 .4
0 1 92 .5  1 6 3 .3  
0 194.6  167.4 
0 4 3 .0  59 .8
0 61 .9  72.1 
0 70.4 80 .8
0 7 9 .8  111.8
0 90 .0  1 22 .4
0 7 9 .7  78 .3  
0 61 .2 61 .4
0 4 7 .9  66.1 
0 217 .0  204.0
0 60.1 58 .3  
0 4 3 .0  51 .4  
0 9 9 .7  38.0  
0 33 .2  3 7 .3  
0 36 .7  3.3
0 4 1 .3  6O.5  
0 33.4 33.4  
0 81 .3  32.2  
0 66 .0  65.4  
0 125.1 112.5 
0 37 .5  35 .0  
0 1 95 .9  200.2  
0 262.4 27 3 .8  
0 108.3 108.8 
0 142.4 129.4
0 150.9 138.7
0 89 .9  94 .2  
0 163.1 147.2 
0 2 8 .9  4 8 .7  
0 124.5 106.7
0 117.6 106.5
0 141.2 145.5 
0 1 4 2 .*  133.4 
0 9 4 .3 ' /9 9 .R 
0 1 *5 .5  157,0 
0 108.2 121.2 
0 58 .0  72 .8  
0 4 3 .3  53 .6  
0 37 .2  74 .2
0 63 .7  96.6 
0 68 .3  7 1 .8  
0 61 .3  74 .7  
0 29 .4  29 .4
0 4 4 .0  55 .2  
0 142.2 105.6 
0 14 .8  2 0 .7
0 156.7 154.3  
0 168.9  172.2 
0 4 2 .8  51 .8  
0 35 .3  37 .3  
0 1 59 .0  1 75 .9  
0 151.1 156.6  
0 6 5 .B 58 .0  
0 146.4 134.2
0 50 . 53 .
0 138.7 111 .7  
“ 7 0 .8  60 .4
2 2 .0  23 .0
H * L Fo Fc H K L Fo Fo H K L Fo Fc H K
5 16 0 75.4 73 .3 0 10 1 1 84,2 140.7 4 22 l 64 .5 73 .7 1 1
18 0 76 .6 83.5 0 11 1 54.4 50.1 4 23 1 75.4 73.2 1 3
19 0 38 .0 4 9 .6 0 12 1 54.1 50 .8 4 24 1 32 .6 64 .3 1 4
20 0 25 .5 2 6 .7 0 13 1 89.0 76.6 4 25 1 4 3 .7 30.6 11 7
21 0 4 2 .9 4 7 .7 14 1 100.8 74 .0 4 26 1 4 9 .7 43 .9 1 fi
22 0 35.2 123.4 0 16 1 63 .5 58 .3 4 27 1 92 .7 75 .0 1 10
23 0 3 3 .9 34 .7 0 17 1 36.0 87.1 4 29 1 32.? 32.2 1 11
24 0 7 2 .6 63 .5 0 19 1 129.0 105.0 4 31 1 38 .9 37.2 1 13
5 25 0 4 6 .7 4 5 .7 0 20 1 36.1 19 .8 4 35 1 4 6 .3 4 2 .6 1 15
5 29 0 16 .5 8.6 021 1 176.4 152.9 5 0 1 115.5 99.0 12 0
6 0 0 81 .7 95.4 0 22 1 4 7 .0 41 .0 5 1 129.3 117.4 12
6 0 67 .3 65 .3 0 23 1 91 .3 32.3 5 2 1 130.2 134.2 12 2
6 2 0 122.4 31.2 0 25 1 76.1 52.4 5 1 131.7 116.9 12 4
6 0 138.1 136.3 0 26 1 68 .3 50 .2 5 ’ 103.4 68 .9 12 5
6 0 3 2 .9 42.4 0 27 1 53 .3 43 .2 5 1 70 .8 80.4 12 10
6 6 0 147.0 142.5 0 28 1 4 4 .7 38 .5 5 1 108.3 80 .9 12 11
6 3 0 164.2 134.4 0 30 1 45 .5 49 .6 5 7 1 4 0 .6 44 .2 12
6 9 0 137.5 121 .4 0 35 1 75 .3 84 .7 5 1 45 .2 36.2 13 1
6 10 0 122.0 120.6 0 1 150.0 166.4 5 10 1 29 .4 2 3 .9 13 3
6 11 0 09 .3 108.2 1 75 .5 88.1 5 11 1 62 .6 6 4 .8 13 4
6 12 0 13 .3 10.4 2 1 250.6 276.4 5 12 1 132.4 136.4 13 5
6 15 86.2 103.9 1 101 .9 37.9 5 13 1 132.1 157.2 13
6 16 0 7 9 .2 97.6 1 118.4 120.4 5 14 1 95 .6 106.3 13 7
6 17 0 9 3 .9 100.6 1 159.5 1 4 8 .i 5 15 1 38.4 46 .4 13 fi
6 19 0 6 1 .5 68 .2 6 1 145.0 173.2 16 1 91 .9 108.6 13 11
6 20 0 55.1 71 .2 7 1 220.3 1 98.6 5 17 1 135.3 133.2 13 12
6 21 0 4 9 .5 57 .7 0 1 91 .6 90.0 5 18 1 46.1 42 .5 14 2
6 23 0 78.1 IO5 .6 9 1 63 .3 5 6 .3 5 19 1 47 .3 57 .7 14 5
6 24 0 4 6 .9 5 7 .3 10 1 110.2 104.0 5 20 1 3Q.8 47 .3 15
6 28 0 4 9 .6 57.4 l 1 167.5 171 .4 5 24 1 37 .7 4 5 .3 15
6 33 0 34 .7 34.1 12 1 129.6 137.4 5 25 1 31 .3 33.2 15 3
7 0 21 2 .6 23 6 .5 13 1 4 6 .7 47 .0 5 27 1 71 .6 90.1 0 2
7 2 0 6 1 .7 64 .5 14 1 73 .9 01 .4 5 20 1 68 .2 67 .9 4
7 0 98 .9 102.4 15 1 63 .7 46.1 5 29 1 45.4 32.1 0 5
7 0 4 7 .2 6 2 .3 16 1 163.6 146.0 5 30 1 39.0 30.2 0 6
7 0 32 .7 42 .0 17 1 58.2 54.1 5 31 1 31 .4 4 7 .6 0
7 8 0 54 .3 5 3 .7 18 1 96.6 72 .7 6 0 1 49 .3 6 0 .6 0 8
7 10 0 56 .5 5 7 .9 19 1 98 .7 114.5 6 1 101.6 107.3 0 10
7 11 0 53 .2 5 0 .3 20 1 120.2 8 5 .7 6 2 i 43 .6 5 5 .8 11
7 12 0 13 .6 2 5 .0 21 1 112.1 98.2 6 1 122.7 129.7 0 12
7 13 0 181 .4 186.5 23 1 49 .0 51 .2 6 1 73.1 56 .5 0 13
7 15 0 51 .0 52 .2 24 1 54 .5 4 8 .7 6 1 63 .0 80.3 0 14
7 I6 0 4 5 .3 4 3 ,8 25 1 67 .2 60 .0 6 6 1 153.0 164.8 0 167 r 0 53 .5 81.1 27 1 31 .2 36.2 6 7 1 93.2 84.4 0 177 * 9 0 21 .9 33.2 23 1 90 .7 66 .6 6 fi 1 131 .8 107.3 0 IB
7 2% 0 2 2 .6 2 3 .9 31 1 55 .6 47 .6 6 9 1 46.4 52 .3 0 197 26 0 33 .0 3 2 .0 33 1 44 .3 38.2 6 10 1 105.2 35 .9 0 20
7 27 0 66 .6 84.4 2 0 1 -310.fi 311 .1 6 1 1 120.6 100.2 0 23
7 29 0 50.2 4 0 .3 2 1 314.0 299 .6 6 12 1 95 .3 111.1 0 25
7 31 0 5 0 .7 61 .5 2 2 1 4 0 .6 25 .5 6 13 1 90.4 108.5 0 26
8 0 0 14 .7 10 .3 2 3 1 100.0 8O.9 6 14 1 39.3 42 .2 0 27
8 2 0 99 .5 6 8 .8 2 4 1 215.6 202.7 6 15 1 74 .6 97.0 0 28
8 3 0 55 .5 65 .3 2 5 1 20 9 .8 191 .9 6 16 1 37 .2 43 .2 0 30
3 4 0 71.8 60 .9 2 6 1 5 3 .6 42 .0 6 17 1 27 .0 21 .7 0
8 5 0 30 .9 35.1 2 7 1 113.8 99 .6 6 1 1 33 .9 49.4 1 "0
3 6 0 94 .7 120.4 2 S 1 39.6 31 .8 6 19 l 63 .5 31 .9 1 1
8 8 0 122.4 120.8 2 9 1 4 6 .9 4 6 .7 6 20 1 46 .0 60 .2 1 2910 0 134.4 121 .0 2 10 1 63.0 70.0 6 22 1 30.4 37 .7 1 3
3 11 0 89.3 73 .6 2 12 1 109.2 125.4 6 23 1 37 .9 32 .7 1 4
8 12 0 77.1 67.1 2 13 1 fiO.2 7 7 .7 6 24 1 53 .7 71 .5 1 5
9 13 0 2 4 .8 23 .0 14 1 1 98.1 201 .5 6 25 1 4 4 .9 44 .3 1 6
8 15 0 6 1 .6 6 9 .6 2 15 1 87.2 82.6 7 1 67 .7 6 0 .8 1 7
8 19 0 39.4 51 .9 2 16 1 133.5 125.4 7 1 43 .0 43 .5 1 9
3 20 0 78.4 118.0 2 17 1 46 .5 37.3 7 1 63.1 46 .3 1 9
8 23 0 5 4 .8 42 .7 2 1 8 1 156.1 145.7 7 1 34.6 114.3 1 10
9 0 6 .7 4 .2 2 19 1 46 .9 53 .5 1 75 .0 60 .5 1 11
9 3 0 4 2 .6 36.1 2 20 1 55.1 4 3 .7 7 6 1 86.8 103.2 1 12
9 4 0 162.9 130.1 2 21 1 50.2 49 .5 1 39.5 44 .5 1 13
9 0 49 .3 37 .5 2 23 1 49 .5 36 .3 1 166.7 181.4 1 14
9 7 0 19 .7 15 .0 2 25 1 74 .fi 71 .9 7 9 1 47 .3 46 .2 1 15
9 3 0 131 .3 156.0 2 26 1 119.3 103.9 7 10 1 51 .1 44 .7 1 16
9 9 0 2 8 .6 35 .0 2 23 1 31 .7 45.1 1 24 .6 20 .0 1 1 7
9 10 0 42 .3 46 .4 2 30 1 93 .7 75 .9 7 1 56 .3 63 .0 1 1 0
9 11 0 25 .5 26 .5 31 1 63 .0 60 .8 7 13 1 36.4 36.1 1 19
9 0 30.4 30 .5 2 32 1 59.4 56 .3 7 14 1 32.2 28 .9 1 20
9 14 0 55 .2 5 9 .7 3 0 1 123.6 135.7 7 15 1 4 2 .7 51 .0 1 21
9 15 0 22.2 2 4 .9 1 62.2 55.2 7 18 l 83 .9 93.4 1 23
9 17 0 4 f i .5 57 .6 3 2 1 109.5 1 81.9 7 22 1 107.0 122.4 1 24
9 61.1 73 .3 3 1 169.0 191 .9 7 24 1 39 .0 29 .0 1 25
9 19 0 28 .7 30 .3 3 tf 1 175.5 21 9 .9 fi0 1 37.1 34 .7 1 26
9 0 33 .0 38 .0 3 5 1 6 5 .9 6 9 .7  • 8 1 135.9 140.2 1 27
9 22 0 61 .1 73.5 6 1 42 .7 53.0 8 2 1 110.4 07.6 1 28
10 0 0 40 .fi 46.1 3 7 1 22 7 .5 2 2 3 .7 8 1 147.9 133.7 1 300 33.1 94 .3 3 1 124.2 112.5 fi 1 29 .4 13.0 1 33
10 2 0 64 .3 47.1 3 9 1 136.9 132.9 1 5 3 .8 53.0 2
10 3 0 96.5 111.6 1 156.2 143.1 6 1 94.3 101 .6 2 1
10 5 0 53 .0 51 .3 3 1 1 141.0 146.7 fi1 T2 .0 38.8 2
10 6 0 21 .0 2 4 .8 12 1 34.1 42 .7 1 31 .2 2 5 .7
10 11 0 53 .9 64 .5 3 13 1 52 .3 65 .7 8 10 1 4 0 .9 54 .fi i 4
10 12 0 2 2 .3 20 .0 3 15 1 56 .6 57 .9 1 93.1 100. fi 2 5
13 0 27 .7 23 .3 3 16 1 51 .5 54 .0 12 1 42 .4 40 .4 6
10 14 0 28 .0 31 .8 1 7 1 33.R 5 0 .fi 8 1 3 1 33.5 22 .3 2
10 15 0 39 .6 11fi.fi 1 3 1 63 .2 65 .3 8 15 1 30.9 104.0 2
10 16 2 3 .6 23 .0 19 1 99 .3 109.1 3 16 1 41 .0 4 7 .7
10 1 8 0 36.3 40 .fi 3 20 1 37.4 4 fi.2 8 1? 1 46 . T 40 .3 2 1611 48 .9 57 .7 3 21 1 56.5 92.1 0 XI 1 45.4 62 .7 2 1111 0 63 .9 58 .8 3 22 1 59 .0 63 .5 fi 1 32.0 37.1 2 1 ?11 5 0 33.4 42 .5 23 1 73-9 76.5 fi29 1 51 .7 59 .7 13
11 7 0 69.1 74.4 3 24 1 43 .3 36.3 9 0 1 25 .5 24 .6 2 14
8 0 39.1 47.4 3 25 1 57 .0 54 .5 9 1 74.4 79 .2 2 1511 0 28.1 24 .7 3 26 1 30.2 39.5 9 1 40 .5 4 8 .7 2 16
12 0 68.0 84 .9 3 27 1 31.5 31.6 9 1 77.1 37.5 1 1 
1 811 13 0 64 .8 51 .8 3 25 1 37.4 35 .2 9 1 31 fi 90 .8 211 14 51.3 62.1 30 1 39.3 9 1 76.1 77.2 2 1911 17 0 29.4 36.4 33 1 43 .8 43.1 9 1 67.1 59 .3 2 20
18 0 29 .5 34.1 3 37 1 ,4 6 .3 41 .1 9 1 38.0 49 .7 2 2111 19 0 44 .0 51 .7 4 0 1 244 .9 219.3 9 1 51.0 56 .9 2 2212 0 36.5 32 .7 4 1 \3 4 .1 31 .2 9 10 1 50*6 62 .3 2 23
12 1 0 40 .0 42 .3 4 2 1 72.5 51 .5 9 1 49 .3 64.0 2 24
12 2 0 32 .7 36 .0 4 3 1 2 2 3 .7 197.7 9 13 1 141.4 149.5 2 2512 3 0 49 .5 4 9 .S 4 1 138.0 146.4 9 17 1 74 .0 94.3 2 26
12 5 0 36.8 4 7 .3 4 5 1 212.1 183.2 9 i 1 37 .6 40.4 2 2712 6 0 90.5 103.9 4 6 1 113.1 106.5 10 1 33.7 4 4 .9 2 2912 8 0 4 5 .9 49 .0 4 7 1 21 .9 2 1 .9 1 39.0 54 .7 2 31
12 9 0 58.4 70 .8 4 0 1 113.0 98.4 10 1 5 1 .8 53 .6 2 32
12 10 0 2 3 .7 30.4 4 9 1 197.3 177.5 10 1 44 .0 37 .8 2 3f
13 1 0 33 .7 34.4 4 10 1 101 .7 126.6 10 1 39 .6 44.6 3 0
13 2 0 29 .3 36 .5 4 1 1 63.5 79 .5 10 1 100.7 109.4 3
14 0 0 6 8 .9 77 .2 4 12 1 76 .5 72 .5 10 a 1 5 3 .7 58 .7 3 214 0 38.0 39.0 4 13 1 47 .2 4 0 .9 10 10 1 72 .3 32.4 3 30 1 42 .2 38 .6 4 14 1 104.3 107.2 10 1 1 41 .9 43 .0 3 4
0 4 88.1 82.9 4 15 1 49.1 5 2 .8 10 12 1 47 .4 44 .4 3 50 5 240 .9 291.5 4 16 1 53 .5 54 .6 10 13 1 30.4 38 .7 3 60 7 38.0 43 .2 4 17 1 78 .3 85.4 10 15 1 31.0 2 1 .6 3 70 8 1 12.9 10 .8 4 20 1 110.7 118.8 10 17 1 38 .7 43 .2 3 60 9 366.9 328.6 4 21 1 87.9 81.4 10 20 1 67.1 78.5 3 9
H K L Fo
33 .5  44 .2  
31 .9  43 .3
74 .3  82.4 
5 7 .9  65.1 
4 3 .8  4 3 .6
62 .3  69 .4  
33.2
3 ^ .0
39.1
38.0  
34 .7
50 .0
74.1
50 .5  53.1
32 .0  34 .2
45 .2 43 .3
32 .0  2 3.2
32.1 30 .9
55 .6  53 .9
45 .5  48 .7
39 .3  4 9 .7
56 .2  62.1
32.1 31.4
52 .2  51.1
31 .2  26 .7
5 2 .3  56 .6
38 .2  25 .2
2 39.4 139.1
2 246 .0  237.5  
2 77 .6  82.0
2 3 .0  8 .0
2 71 .5 32.2
2 61 .8 4 7 .7  
2 158.0 134.2  
2 105.8  100.2  
2 4 4 .9  43 .5  
2 177.5 164.4  
2 175.0 163.0  
2 116.6 95 .9  
2 113.2 97 .6
2 126.3 103.1 
2 37 .4  4 2 .9  
2 23 .3  2 7 .6
2 6 4 .3  54 .7  
2 123.5 107.2  
2 87.1 70.2
2 114.6  89.4
2 32.0 62 .3
2 53 .0  53 .4
2 56 .4  49 .3  
2 133.2 163.2  
2 82.1 39.6
2 101.3 123.3  
2 2 2 3 .7  261 .7  
2 4 0 .6  2 3 .8  
2 172.4 159.1 
2 125.0 112.6  
2 1 55 .4  1 72.1 
2 49.1 57 .6
2 41 .4  52 .0
2 75.1 62 .7
2 156.0 173.5  
2 127.2 133.7  
2 72.2 65 .3  
2 97 .9  76 .3
2 117.5 95 .9  
2 113.7 103.3  
2 9 9 .7  84.6  
2 63 .0  63.2
2 119.7  93.3  
2 49 .3  41 .6
2 85 .8  33.4
2 67.6 68.2 
2 66.4 63.4
2 87.4 80.0
2 72 .5  74.1
2 6 2 .3  62 .7  
2 23.1 28 .6
2 75 .0 59 .5
2 47 .2  47 .7
2 103.3 61 .3 
2 74 .0  34.4
2 103.4 132.0  
2 74 .0  73 .3
2 180.6 208.1 
2 214 .3 214 .4 
2 156.3 143.6 
2 00.1 38.2
2 75 .3  99.5
2 113.3 159.9  
2 137.2 170.0 
2 60.3 51 .9
2 54 .4  72 .0
2 58 .9  65 .9  
2 1 34 . 6 1 29 .4  
2 39.1 45 .0
2 137.2 122.3 
2 55 .9  48 .8
2 69.4
2 78 .7
2 36.4
2 100.2 
2 120.1
55.2  
74.4  
76 .4 
61 .8  
94 .9
_ 81 .5 74 .2
2 41 ,B 33.1 
2 4 2 .7  42 .6  
2 56 .2  34 .7  
2 55 .9  40 .9  
2 45 .4  46 .3  
2 2 0 .3  24 .5  
2 61 .9  50 .3
8 4 7 .3  49 .6  
2 143.8  128.9 
2 00.5 69 .9
2 259.0 279.8  
2 94.1 97 .6
2 98.1 81 .1 
2 64.2 49 .5  
2 88.2 115.6
2 77 .7  53 .7  
2 6 0 ,9  80.1 
2 93.2 91 .5
3 11
3 12 
3 13
3 24 
3 26 
3 27 
3 28 
3 30 
3 31
3 32
4 0
4 14 
4 15 
4 16 
4 17 
4 1 8 
4 19 
4 20 
4 21 
4 22 
4 23 
4 24 
4 25 
4 26 
4 29 
4 30 
4 31
4 32
5 0
5 12 
5 13 
5 16 
5 17 
5 13 
5 19 
5 21 
5 22 
5 23 
5 24 
5 25 
5 26
5 29
6 0
6 10 
6 11 
6 12 
6 13 
6 14 
6 l 5 
6 16 
6 17 
6 11 
6 19 
6 20 
6 22 
6 24 
6 25 
6 26 
6 27
6 23
7 14 
7 15 
7 17 
7 18 
7 20 
7 21
711
7 27
8 0 3 1
2 76 .3  68 .fi 
2 128.9 170.0 
2 77.1 91.0
2 114.2 142.8  
2 4 0 .3  51 .2
2 55 .4  73 .9
2 40 .2  46 .0
2 5 3 .7  59 .7  
? 2 3 .9  28 .9
2 40 .2  53.1
2 59 .7  63.6
2 73 .4 33.0
2 24 .5 21 .8  
2 40 .0  34 .5  
2 2 3 .3  2 1 .9
2 4 4 .2  38,4  
2 38 .9  46 .6  
2 29 .4  27 .7
2 150.0 128,7  
2 123.5 97.0  
2 5P .9 66 .3  
2 70.1 86.3
2 113.3 136.0  
2 1 04 . 3 86.1
2 149.7 154."  
2 4 fi.O 25,2
2 108.0 104.1 
2 131.4 119.1 
2 32 .3  45 .5  
2 115.3 159.1 
2 IO8 .5  131 .1 
2 109.9 130.5  
2 2 1 .7  13.3
2 35 .5  45 .5  
2 28 .4  32 .fi
2 92 .6  1 08 .7
2 24 .6  30 .2
2 45 .3  51 .5  
2 31 .8  31 .9  
2 56 .4  55 .8  
2 33 .3  4 4 .7  
2 101 .4 105,1 
2 59 .3  46 .0  
2 34 .7  36 .6  
2 52 .6  62 .8
45.1
34.2
- 13.82 33.4 _
2 75 .6  70.7
2 119.4 95 .0
2 50.4 59 .5
2 145.2 135.4 
2 160.8 141.0  
2 57 .7  45 .9
2 122.3 112.5 
2 153.3 166.5  
2 136.5 156.6  
2 103.3 94 .7  
2 42 .4  59 .0
2 71 .3  73 .9  
2 61 .6  63 .4
2 36 .9  53.2  
2 45 .4  30 .6
2 40 .5  68 .9
2 76.0 90 .5
2 55 .3  63 .3  
2 55.1 68 .5
2 77.4 92.6
2 25 .4  18.7
2 Uii.5 41 ,9  
2 3 9 .3  39 .9
2 126.5 110.7  
2 111.7 90 .7
2 109.3 114.7  
2 135.2 125.7  
2 136.3 140.0 
2 43 .6  54.4
2 164.1 163.2
2 55 .5  36.3
2 61 .5 73.2 
2 63 .0  <17.3 
2 79.0 116.9
2 72 .<1 72 .7
2 40.1 44 .2
2 85.2 73.1
2 50.7 03.0
2 51 .3  76 .0
2 69 .4 0 0 .0
2 54 .6  46 .4
2 41 .4 61 .5
2 73 .2 77.4
2 5 3 .9  60.3  
2 44.6 34.2
2 34 .7  39 .6
2 40.1 32 .9
2 40 .2  39.2
2 56 .7  56.5  
2 147.2 124.1 
2 132.1 83.1
2 1 72 .9  140.4 
2 77 .0  64.6
2 82 . 9 5B.0
2 40 .fi 40 .6
2 46 .3  4 5 .7  
2 4 4 .7  45 .9  
2 61 .2 73.4
r  55 .fi 59 .6  
" 35 .4  42.'.
2 61 .7  66 .2  
2 124.6 127.3  
2 6 9 .6  70.2
2 4 5 .6  43.1 
2 101 .2  119.0 
2 52 .2  60 .5
2 27 .0  30.0  
2 3 8 .7  33 .6
2 2 8 .0  2 8 .3
2 56 .6  65 .2
2 62 .9  70.1
2 45 .2  46.1
2 113.9 94 .3
H K L Fo Fo H K L Fo Fo
a 2 2 6 2 .4 5 8 .9 2 5 3 6 7 .3  1 6 4 .3
3 4 2 0 5 .2  101 . 7 2 6 3 94 .1 32 .1
8 6 2 7 6 .6 7 7 .6 2 7 3 4 9 .0 1 5 3 .1
3 7 2 9 2 .4 8 6 .4 2 8 3 4 5 .6 6 4 .4
3 3 2 6 6 .2 6 5 .9 2 9 3 6 8 .5 9 4 .5
3 9 2 2 3 .2 2 3 .9 2 10 3 3 9 .8 91 .4
3 10 2 6 9 .2 7 8 .5 2 11 3 8 3 .6 1 0 3 .2
8 1 2 7 5 .8 6 6 .4 2 12 3 3 8 .1 3 9 .7
8  12 2 3 4 .3 4 3 .9 2 13 3 1 0 2 .9 1 2 3 .5
8 13 2 5 7 .2 6 0 .2 2 14 3 7 3 .5 9 0 .1
3 16 2 5 8 .3 5 7 .3 2 15 3 9 5 .8 1 0 4 .5
3 8 2 4 6 .0 4 0 .7 2 17 3 6 5 .1 6 4 .5
n 1 9 2 4 7 .1 5 9 .1 2 1 8 3 3 6 .0 2 4 .8
3 2 0 2 6 0 .5 6 9 .3 2 1 9 3 9 8 .3 1 0 3 .8
8 22 2 3 4 .1 37 .1 2 20 3 7 8 .9 7 7 .8
3 2 3 2 6 0 .1 5 2 .3 2 21 3 3 9 .3 7 4 .1
8 28 i 4 9 .1 6 5 .3 2 2 3 3 5 0 .7 4 9 .0
9 3 2 1 1 1 .9 9 9 .9 2 24 3 42 .2 3 0 .6
9 4 2 6 8 .3 7 4 .9 2 2 5 3 5 6 .3 7 2 .3
9 5 2 4 7 .2 3 2 .7 2 2 6 3 6 7 .2 4 9 .3
9 6 2 3 7 .7 4 4 .3 2 27 3 6 9 .2 5 4 .7
9 7 2 5 3 .3 6 5 .1 2 2 3 3 3 3 .4 2 3 .5
9 3 2 100 .4 1 1 0 .5 2 2 9 3 3 3 .2 2 7 .1
9 9 2 5 8 .9 6 1 .8 7 31 3 6 4 .1 5 3 .7
9 10 2 7 9 .0 7 7 .7 3 0 3 1 4 7 .4 1 5 3 .4
9 11 2 2 5 .3 3 8 .3 3 1 3 8 3 .3 9 2 .3
9 12 2 5 3 .1 51 .6 3 3 3 1 3 7 .0 1 8 5 .0
9 13 2 5 7 .6 5 3 .9 3 4 3 6 6 .2 5 7 .2
9 15 2 6 2 .8 6 3 .3 3 s 3 1 2 0 .4 1 2 3 .4
9 17 2 4 3 .5 4 3 .6 3 6 3 1 0 1 .7 9 4 .6
9 1 8 2 4 8 .5 4 8 .6 3 7 5 1 5 9 .6 1 5 6 .0
9  21 2 3 8 .3 3 2 .6 3 8 3 4 4 .1 5 9 .4
10 0 2 4 3 .4 41 .7 3 9 3 9 5 .5 1 1 1 .3
10 1 2 1 4 6 .7 1 0 6 .1 3 10 3 5 2 .2 4 6 .1
10 2 2 5 8 .4 6 5 .9 3 11 3 9 3 . 1 1 5 .1
10 3 2 9 5 .8 7 5 .2 3 12 3 1 1 5 .3 1 2 3 .3
10 5 2 3 4 .2 31 .8 3 13 3 8 2 .3 1 1 2 .9
10 6 2 4 4 .4 2 4 .7 3 14 3 3 6 .0 4 9 .0
10 7 2 4 3 .8 5 2 .9 3 15 3 5 6 .9 6 9 .2
10 8 2 6 3 .9 51 .3 3 17 3 7 9 .7 1 1 2 .3
10 10 2 5 8 .3 5 4 .1 3 13 3 3 6 .7 6 1 .4
10 11 2 6 5 .3 81 .8 3 19 3 7 0 .8 6 4 .4
10 12 2 2 9 .7 2 3 .8 3 20 3 3 3 .0 3 6 .3
10 13 2 6 0 .1 4 3 .4 3 21 3 1 1 1 .4 1 1 2 .0
10 15 2 6 4 .9 8 0 .4 3 23 3 8 6 .2 6 9 .9
10 16 2 3 0 .8 3 7 .6 3 24 3 7 9 .2 6 2 .3
11 2 2 6 5 .4 4 9 .9 3 26 3 4 3 .3 5 0 .9
11 3 2 3 5 .9 2 7 .5 3 2 7 3 6 9 .4 71 .3
11 4 2 4 6 .5 4 4 .4 3 29 3 5 6 .0 5 9 .1
11 5 2 4 6 .7 5 0 .3 4 0 3 1 71 .8 1 4 4 .5
11 6 2 8 4 .0 87 .1 4 1 3 9 2 .6 9 5 .8
11 8 2 4 7 .5 4 3 .3 4 2 3 1 5 5 .3 1 3 7 .6
11 9 2 3 7 .0 3 6 .7 4 3 3 3 9 .0 2 1 .9
11 10 2 4 3 .0 2 5 .4 4 4 3 2 2 6 .6  2 1 5 .9
11 12 2 6 5 .3 6 2 .2 4 5 3 6 4 .1 6 2 .5
11 13 2 3 0 .9 3 7 .9 4 6 3 6 9 .6 9 0 .9
12 1 2 4 3 .3 30 .1 4 7 3 7 8 .3 6 9 .0
12 4 2 4 8 .5 3 7 .6 4 9 3 2 4 .8 1 9 .9
12 5 2 6 3 .8 7 6 .8 4 10 3 1 2 0 .6 1 4 5 .8
12 6 2 6 5 .4 7 1 .6 4 12 3 6 5 .0 5 3 .3
12 8 2 5 3 .7 3 7 .9 4 14 3 9 9 .3 1 1 5 .0
12 10 6 0 .3 5 5 .3 4 15 3 3 3 .7 3 3 .2
12 13 2 3 8 .9 2 7 .1 4 16 3 7 9 .9 1 0 6 .6
12 16 2 4 3 .5 2 0 .0 4 17 3 3 6 .7 2 8 .9
13 1 2 6 2 .6 4 8 .4 4 1 3 3 5 5 .9 6 2 .0
13 2 2 4 4 .2 3 6 .9 4 19 3 4 3 .4 3 0 .4
13 3 2 4 9 .4 4 3 .3 4 20 3 7 4 .5 8 9 .7
13 9 2 71 .7 6 0 .2 4 22 3 8 0 .2 7 9 .0
14 0 2 51 .3 5 3 .2 4 25 3 4 3 .5 2 5 .5
14 7 2 4 3 .4 3 9 .7 4 2 6 3 3 8 .0 3 8 .2
0 2 3 1 0 6 .1 1 3 5 .1 4 2 8 3 6 5 .7 5 4 .4
0 3 3 4 2 .4 4 2 .5 4 30 3 5 2 .4 5 0 .8
0 4 3 7 0 .6 1 1 2 .4 5 0 3 1 3 5 .7 1 1 4 .7
0 5 3 1 5 2 .1 2 1 4 .7 5 1 3 9 2 .0 1 0 4 .3
0 6 3 4 1 .3 5 2 .2 5 2 3 71 .4 91 .1
0 8 3 1 9 4 .0 1 6 0 .5 5 3 3 1 3 2 .9 1 3 3 .5
0 7 3 4 4 .9 6 0 .6 5 4 3 1 5 0 .1 1 1 4 .3
0 9 3 7 3 .6 7 6 .7 5 5 3 4 2 .5 2 7 .0
0 10 3 181 .5 1 4 7 .0 5 7 3 81 .4 7 5 .0
0 11 3 1 4 4 .7 1 0 6 .2 5 8 3 7 9 .3 8 3 .0
0 12 3 3 8 .3 3 1 .6 5 9 3 4 8 .5 5 9 .6
0 13 3 3 8 .7 2 9 .0 5 10 3 3 5 .2 4 0 .7
0 14 3 7 5 .9 5 5 .8 5 11 3 4 5 .8 6 5 .9
0 15 3 9e.i 7 4 .9 5 12 3 1 1 4 .1 1 2 0 .0
0 16 3 1 8 6 .3 1 5 2 .9 5 14 3 7 8 .6 71 .6
0 19 3 108 .1 9 6 .9 5 16 3 5 2 .5 6 2 .2
0 20 3 5 9 .6 4 3 .6 5 17 3 5 4 .2 7 4 .4
0 22 3 1 0 1 .6 8 1 .8 5 1 3 3 4 9 .3 7 1 .0
0 25 3 6 7 .4 6 2 .0 5 2 0 3 4 0 .9 4 6 .7
0 2 8 3 9 9 .9 7 3 .1 5 21 3 3 6 .0 4 5 .2
0 29 3 42 .0 2 7 .3 5 23 3 5 2 .6 5 5 .2
0 3 6 2 .2 6 8 .5 5 24 3 4 3 .5 51 .6
1 3 4 4 .8 U 3 .3 5 26 3 4 3 .9 4 7 .2
2 3 171 .5 160 .1 5 2 7 3 5 3 .7 5 0 .3
3 3 1 1 5 .7 9 8 .4 5 30 3 4 7 .1 4 4 .4
4 3 3 7 .9 8 8 .7 6 1 3 6 9 .6 81 .4
5 3 8 4 .3 8 0 .4 6 2 3 2 9 .7 4 3 .3
6 3 1 8 7 .9 1 9 5 .5 6 3 3 6 6 .9 41 .3
7 3 4 5 .7 5 8 .7 6 4 3 4 7 .8 41 .2
8 3 7 2 .5 9 0 .6 6 3 12 9 .1 1 3 2 .2
9 3 ': . '.1 9 5 .1 6 6 3 6 9 .6 6 2 .6
11 3 7 2 .4 7 9 .2 6 7 3 1 3 3 .4 10 3 .1
12 3 1 1 8 .5 131 .4 6 S 3 3 2 .3 3 2 .9
14 3 1 4 2 .6 124 .7 6 9 3 1 1 2 .9 1 0 6 .9
15 3 1 2 9 .4 94 .1 6 10 3 6 9 .4 7 3 .1
16 3 9 8 .2 8 4 .7 6 11 3 1 3 2 .3 1 4 6 .6
17 3 7 7 .5 6 5 .8 6 12 3 2 4 .9 2 5 .8
18 3 8 6 .9 8 7 .4 6 13 3 3 9 .3 1 0 5 .6
20 3 1 2 6 .3 9 9 .8 6 15 3 8 2 .6 9 2 .6
21 3 9 4 .5 6 7 .8 6 16 3 3 8 .6 3 6 .4
22 3 4 0 .1 5 0 .5 6 17 3 5 0 .2 5 0 .2
24 3 6 6 .4 5 6 .9 6 19 3 61 .4 7 3 .3
3 5 2 .4 5 0 .3 6 21 3 6 7 .3 88.1
26 3 8 1 .1 71 .3 6 23 3 4 3 .5 4 5 .7
27 3 5 7 .8 3 3 .6 6 24 3 3 7 .9 3 5 .5
23 3 4 3 .9 51 .2 6  25 3 3 3 .1 4 9 .1
29 3 4 3 .3 2 7 .4 6 26 3 4 3 .8 3 2 .0
30 3 5 3 .4 4 0 ,7 7 2 3 1 3 6 .8 1 2 7 .5
31 3 3 1 .2 2 3 .0 7 3 3 1 2 5 .3 1 3 7 .6
32 3 4 7 .0 5 2 .9 7 4 3 3 0 .7 34 .2
33 3 3 5 .4 35 .1 7 5 7 3 3 .2 41 .1
2 0 3 1 7 0 .3 145 .1 7 6 3 7 5 .3 8 2 .2
2 1 3 1 0 4 .8 1 52 .1 7 7 3 7 0 .4 4 5 .8
2 2 3 5 2 .9 5 6 .7 7 a 3 7 4 .6 8 2 .6
2 3 3 3 7 .2 3 3 .5 7 9 3 7 2 .7 9 7 .2
2 4 3 5 4 .4 6 3 .2 7 11 3 91 .8 7 4 .5
H K L Fo Fo H K L Po Fo
7 12 3 6 9 .7 7 3 .2 2 5 4 8 9 .6 9 5 .3
7 14 61 .3 61 .8 2 6 4 6 0 .2 6 8 .1
7 15 3 5 5 .9 6 8 .9 2 8 4 1 0 5 ,0 1 2 4 ,1
7 16 3 4 2 .3 2 6 .5 2 10 4 8 0 .3 11 3.1
7 1 7 3 5 3 .3 5 8 .2 2 1 4 3 3 .7 105 .1
7 1 3 3 6 2 .5 31 .6 2 12 4 8 1 .0 6 3 .7
19 3 3 6 .6 4 0 .6 2 13 4 3 4 .4 3 3 .6
7 22 3 6 9 .1 91 .4 2 1 b 4 80 .1 37 .1
7 2 3 3 6 9 .4 8 7 .0 2 15 4 1 5 5 .0 151 .7
7 25 2 0 .3 2 7 .1 2 16 4 5 ^ . 9 6 5 .7
9 1 3 9 2 . n 6 9 .6 2 17 4 3 9 .9 1 9 .6
3 2 3 9 7 .9 1 0 6 .3 2 18 4 7 3 .3 6 3 .2
3 4 3 1 2 2 .0 1 2 0 .9 2 19 4 6 0 .0 71 .2
3 5 3 3 0 .2 8 2 .7 2 2b 4 6 1 .6 5 3 .5
8 6 3 4 0 .5 3 9 .2 2 2 6 4 6 1 .6 5 9 .5
8 7 3 3 6 .6 3 7 .7 2 2 8 4 56 .0 5 9 .6
3 3 3 6 2 .5 61 .6 2 30 4 5 6 .0 4 6 .3
3 5 3 .2 4 9 .2 2 31 4 4 7-. 5 3 2 .6
3 16 3 61 .7 7 1 .0 3 0 4 5 5 .2 5 7 .3
6 11 3 4 7 .4 4 7 .3 3 4 9 7 .1 1 2 6 .0
3 13 4 4 .7 4 6 .3 3 2 if 9 4 . 0 1 1 4 .9
3 14 3 4 9 .7 4 3 .2 3 3 4 4 7 .7 3 1 .3
3 15 5 3 .3 64 .5 3 b .0 2 .0 9 0 .9
B 16 3 51 .2 6 2 .9 2 5 4 4 0 .0 3 3 .6
8 19 3 4 3 .2 5 8 .7 3 6 4 1 1 2 .1 1 0 3 .5
3 2 0 3 3 7 .8 3 3 .5 3 7 4 6 9 .1 7 3 .0
3 24 3 4 3 .3 2 7 .5 3 0 4 1 4 2 .9 1 6 8 .3
9 1 3 8 4 .4 7 7 .4 3 Q 4 53 .1 6 4 .1
9 2 3 5 9 .3 5 0 .6 3 10 4 3 6 .0 4 2 .7
9 3 3 5 7 .0 5 3 .5 3 1 4 5 2 .6 6 6 .4
9 4 3 3 8 .1 4 6 .6 3 12 4 1 3 0 .6 1 3 7 .0
9 5 3 8 5 .9 5 2 .2 3 13 4 3 5 .7 4 9 .2
9 6 8 9 .7 32 .2 3 14 4 5 2 .4 6 6 .4
9 7 3 3 3 .9 3 6 .4 3 15 44 .3 4 7 .9
9 8 3 5 9 .2 6 6 .6 3 1 8 9 5 .B 1 0 8 ,4
9 9 3 3 9 .8 2 5 .6 3 19 4 5 0 .0 3 0 .7
9 13 3 6 2 .6 6 6 .7 3 20 4 7 2 .2 6 7 .0
9 14 3 6 0 .3 6 4 .9 3 21 4 3 5 .B 3 2 .0
9 1.3 3 6 5 .0 7 5 .9 3 22 4 5 9 .4 6 1 . S
9 20 3 4 9 .1 6 5 .1 3 23 4 4 6 .7 52 .0
10 0 3 5 3 .1 5 2 .9 3 25 4 4 7 .6 4 0 .4
10 1 3 5 6 .3 5 5 .9 3 2 9 4 5 3 .6 4 2 .7
10 2 3 6 3 .7 7 0 .0 4 0 4 7 7 .0 7 5 .2
10 4 3 4 9 .7 6 3 .4 4 4 9 5 .3 9 7 .4
10 5 3 4 5 .6 4 0 .3 b 2 4 3 8 .6 4 6 .6
10 6 3 1 1 4 .1 9 3 .1 b 3 4 7 0 .0 4 7 .9
10 7 3 5 0 .5 61 .0 b b 4 3 6 .6 4 5 .4
10 3 3 9 2 .9 3 3 .4 b 5 4 1 5 3 .9 161 .2
10 10 3 5 3 .2 5 9 .1 b 6 0 7 .3 6 8 ,6
10 13 3 75 .4 6 3 .7 b 7 4 1 3 9 .6 1 2 6 .6
10 16 3 5 3 .6 3 8 .7 b 3 4 6 0 .7 6 9 .6
10 18 3 3 8 .1 3 2 .3 b 9 4 7 7 .3 9 9 .9
10 19 3 3 3 .0 41 . 9 b 10 4 7 3 .3 7 0 .6
11 1 3 9 4 .4 7 5 .1 b 1 6 3 .6 01 .5
11 2 3 4 2 .3 34 .4 b 12 if 3 6 .2 21 .3
11 3 5 9 .9 6 0 .2 h 1 3 4 81 .7 9 0 .0
11 9 3 5 3 .6 6 7 .9 b 14 4 4 9 .3 f i1 .0
11 11 3 6 0 .7 6 4 .2 u 15 4 3 9 .7 7 1 .1
11 12 3 4 3 .8 3 8 .9 b 1 fi 4 4 3 .6 4 5 .5
11 1 3 3 3 8 .1 4 0 .8 b 1 9 4 7 7 .4 91 .4
11 15 3 4 3 .8 5 0 .1 b 20 4 64 .3 0 3 .4
11 17 3 4 3 .4 5 4 .9 b 21 5 3 .0 6 1 ,6
12 0 3 6 5 .3 6 1 .3 b 2 9 4 3 7 .9 2 0 .0
12 1 3 5 3 .4 5 8 .0 5 0 4 8 .5 6 5 .9
12 2 3 4 3 .6 4 7 .2 5 4 0 0 .2 0 5 .4
12 4 4 3 .7 31 .6 5 2 4 1 3 5 .4 1 3 0 .5
12 5 3 4 3 .9 5 4 .3 5 3 4 1 2 9 .4 141 .9
12 6 3 11 .2 1 6 .6 5 4 4 6 0 .1 5 6 .1
12 3 3 4 9 .1 4 3 .4 5 5 4 5 5 .6 5 6 .6
12 10 3 4 3 .9 4 2 .6 5 6 4 64 .5 7 5 .3
12 11 3 22 .0 1 7 .4 5 9 4 9 6 .7 1 1 5 .5
12 13 3 3 9 .7 3 5 .0 5 1 0 4 3 6 .2 31 . 7
13 3 3 3 6 .1 2 5 .5 5 1 1 4 71 .3 “’ 7 .4
1 3 4 3 3 6 .1 2 0 .9 5 12 4 5 5 .6 0 0 .9
13 6 3 4 3 .3 4 4 .0 5 13 4 71 .2 9 2 .4
14 2 3 4 3 .3 3 5 .5 5 14 4 5 7 .0 7 2 .0
14 4 3 4 3 .3 3 5 .5 5 13 4 5 3 .4 6 1 .3
0 3 4 2 0 .5 1 7 .7 5 16 4 5 4 .6 61 .4
0 4 4 4 0 .9 5 ' .3 5 17 4 5 0 .0 7 3 .4
0 5 4 7 6 .2 9 0 .8 5 IB 4 5 5 .5 6 5 .3
0 6 4 9 3 .3 1 0 0 .0 5 31 4 0 5 .1 1 0 0 .5
0 7 4 1 9 0 .4 1 7 3 .4 5 23 4 5 4 .9 6 6 .9
0 3 4 4 5 .3 3 9 .5 6 0 4 91 . 7 1 0 3 .3
0 10 4 1 2 3 .6 135 .0 6 1 4 4 9 .6 4 6 .6
0 11 4 6 3 .7 31 .0 6 2 4 7 3 .6 •06.0
0 12 4 7 3 .3 5 2 .1 6 4 4 1 0 7 .9 1 0 9 .9
0 14 4 7 8 .4 7 0 .0 6 fi 4 71 .0 6 3 .3
0 15 4 91 .3 8 0 .5 6 Q 4 01 .0 7 0 , 6
0 16 4 1 1 4 .3 9 2 .3 fi 10 4 9 4 .0 1 0 0 .1
0 17 4 5 9 .4 7 4 .3 6 12 4 5 B .7 6 2 .0
0 19 4 9 4 .0 102 .7 6 13 4 5 4 .7
0 20 4 7 7 .2 7 2 .4 6 14 4 00 l h 0,0 .2
0 2 3 4 2 8 .9 2 3 .5 6 16 4 9 4 .9 1 0 4 .9
0 24 4 1 3 4 .9 1 0 3 .4 6 1 0 4 5 2 .6 "’ 0 . ~
0 26 4 7 9 .2 6 3 .7 6 20 4 4 6 .B 5 8 .1
0 27 4 3 9 .0 7 2 .7 6 21 4 4 7 .3 4 6 .5
1 0 4 51 .2 6 4 .5 6 22 4 6 0 .1 6 3 .4
1 1 4 11 8 .3 1 3 0 .6 6  2b 4 6 7 .4 5 5 .1
1 2 4 7 7 .9 8 6 .1 7 0 4 1 0 5 .0 1 1 0 .0
1 3 4 1 3 4 .0 1 3 0 .4 7 2 4 4 3 .0 4 0 .21 4 4 1 7 8 .0 1 5 2 .6 7 ? 4 9 3 .3 76 .2
1 5 4 101 .6 3 7 .3 7 5 4 3 5 .4 4 5 .9
1 6 4 8 3 .3 9 5 .7 7 6 4 9 4 .0 B 9 .3
1 7 4 1 1 9 .8 1 2 0 .9 7 7 4 o4 .1 1 1 1 .9
1 8 4 9 9 .4 11 4 .1 7 9 4 5 7 .2 42 .6
1 9 4 5 3 -3 1 0 3 .7 7 11 . 4 5 4 .1 6 8 .0
1 10 4 9 3 .3 3 9 .2 7 12 4 6 2 .0 6 6 .0
1 11 4 92 .1 7 6 .4 7 14 4 44 ,1 4 7 .5
1 12 4 1 2 2 . a 1 0 4 .4 7 13 4 3 6 .6 3 3 .4
1 14 4 92 .1 71 .2 7 16 4 3 7 .0 2 5 .6
1 15 4 92 .1 3 8 .9 0 0 4 1 3 2 .4 11 5 .2
1 17 4 1 1 7 .7 9 6 .9 3 1 4 51 .9 6 ? .5
1 1 3 4 6 7 .6 7 0 .3 8 2 4 3 4 .2 1 7 .2
1 20 4 9 8 .3 7 4 .3 8 4 4 5 2 .6 5 3 .^
1 21 4 141 .3 9 4 .3 8 5 4 134 .3 104 .1
1 23 4 1 2 2 .3 8 4 .3 3 6 4 3 5 »6 3 5 .4
1 25 4 6 9 .6 4 8 .2 3 *7 4 7 3 .9 8 2 .7
1 26 4 7 8 .8 70 .1 0 0 4 113.9 3 7 .6
1 28 4 6 3 .5 4 0 .0 0 a if 8 2 .9 4 6 .9
1 29 4 4 4 .0 3 7 .4 0 1 i 4 5 6 .9 5 4 .0
1 31 4 4 3 .0 4 6 .2 0 12 4 36 .It 3 5 .3
2 0 4 1 6 6 . R 1 4 9 .7 0 13 4 5 2 .1 5 5 .6
2 1 4 9 3 .4 111 .6
2 2 4 1 5 6 .0 1 5 4 .5
2 3 4 6 6 .7 8 5 .8
2 4 4 3 4 .3 84 .1
H K L Po Fc H K L Fo Pc
3 14 4 5 2 .8 6 9 .6 5 4 5 74 7 5 .7
3 15 4 4 6 .2 41 .2 5 5 5 03 3 7 6 .3
0 16 4 3 8 .1 2 0 .3 5 6 5 62 2 61 .7
8 17 4 5 4 .4 5 0 .1 5 7 5 153 1 4 0 .7
9 0 4 4 4 .6 6 7 .2 5 R 5 77 0 8 4 .4
9 6 5 .3 5 2 .7 5 9 5 55 7 5 9 .2
9 2 4 7 0 .4 7 9 .3 5 1 5 06 3 9 2 .2
9 3 4 8 7 .2 8 5 .0 5 12 5 70 6 6 2 .2
9 6 4 5 0 .0 3 9 .0 5 15 5 43 7 4 4 .2
9 8 4 4 4 .7 4 0 .7 6 5 102 4 71 . 9
9 9 4 3 6 .0 4 0 .9 6 5 5 36 6 9 4 .2
10 if 4 5 .5 2 4 .9 6 7 fi 4 0 9 6 6 .7
9 1 if 4 5 .9 4 1 .4 6 8 57 4 0 .1
9 12 4 5 9 .3 5 6 .1 6 9 5 6 8 6 6 3 .5
9 14 4 3 3 .4 4 0 .1 6 1 5 61 6 B .-7
9 15 5 4 .6 7 3 .5 5 12 5 61 9 72 .1
10 2 if 5 2 .5 51 .6 6 13 44 5 3 8 .5
10 3 4 3 7 .1 16 .1 7 5 57 5 3 6 .4
10 7 4 6 0 .7 4 3 .6 7 0 5 1 09 3 1 7 1 .0
10 9 4 1 0 0 .6 9 4 .7 7 3 5 41 3 7 .3
10 10 4 6 6 ,2 5 8 .2 5 5 ? 1 0 4 7 .710 11 4 7 4 .7 61 .0 7 6 5 4 0 7 4 2 . 9
11 0 4 6 ~ .5 73 .0 7 1 5 if 4 9 4 5 .4
11 2 6 6 .6 7 2 .6 7 12 5 69 5 7 3 .8
11 ■; 4 5 4 .4 4 0 .4 7 13 5 43 9 3 1 .6
11 4 4 4 7 .2 3 5 .9 7 14 5 65 6 D4 .1
11 •6 4 6 1 .1 7 4 .0 7 15 5 60 6 7 .2
11 8 4 4 7 .6 5 6 .0 0 0 5 32 0 1 6 .7
4 72 .4 6 3 .4 8 5 43 fi 24 .8
3 4 4 7 . 7 3 6 .0 fi 5 5 70 5 “■7.9
5 4 5 3 .9 5 2 .6 B 7 5 55 3 7 .2
1 2 7 4 3 8 .9 4 1 .3 0 9 5 101 6 1 0 3 .O
.12 4 3 3 .0 2 9 .0 fi. 10 5 73 3 7 4 .0
1 2 10 5 4 .6 64 .2 0 12 5 57 6 5 3 .6
1 3 4 6 0 .7 5 3 .1 Q 0 5 61 7 5 7 .0
1 2 3 4 5 4 .2 37 .6 9 2 5 46 4 3 .9
1 3 4 4 4 7 .0 24 .2 9 3 5 65 3 5 6 .2
0 3 5 9 3 .3 9 1 .6 9 6 5 73 0 5 7 .3
0 5 5 6 1 .6 7 3 .9 Q 7 5 104 4 1 0 3 .9
0 6 2 9 .5 2 2 .0 9 0 5 53 4 3 .2
0 7 3 4 5 .4 61 .7 9 Q 5 47 if 5 0 .9
0 s 5 5 0 .2 5 3 .3 9 10 5 26 6 2 3 .0
0 9 5 21 .4 2 2 .1 10 0 5 100 9 9 0 .2
0 10 5 7 0 .5 7 9 .3 10 5 02 fi 8 4 .9
0 1 1 5 105.1 1 2 0 ,4 10 5 5 75 6 5 2 .5
0 12 5 3 0 .5 2 2 .2 10 9 5 63 6 51 .9
0 13 5 3 6 .8 3 3 .9 10 10 5 59 0 3 3 .9
0 14 5 1 0 .0 1 4 .7 11 3 5 59 2 5 0 .1
0 15 5 1 4 3 .7 1 4 7 .6 1 4 5 60 8 5 3 .6
0 17 5 52 .2 5 0 .0 1 1 0 5 6 ’ 7 4 2 .6
0 1 8 5 0 6 .0 8 0 .5 12 5 5 74 9 5 0 .0
0 75 7 5 .9 6 7 .9 12 6 5 ?4 9 5 0 .2
0 2 7 5 5 9 .9 4 7 .9 0 7 6 !79 24 .2
0 29 5 7 0 .0 9 2 .9 0 10 fi 106 fi 1 06  .2
1 0 82 .9 88 .1 0 1 0 6 53 9 4 0 .1
1 p 5 7 6 .0 7 6 .6 0 1 9 6 fifi fi 7 0 .2
1 4 5 6 3 .9 1 0 5 .9 0 20 fi 159 Q 1 8 9 .7
1 5 5 7 0 .5 8 3 .9 1 0 6 1 1 ? .o
1 6 5 7 6 .3 7 7 .5 1 2 6 3-B 3 8 .3
1 0 1 34 .1 1 3 3 .3 1 3 6 02 0 88 .6
1 9 5 9 3 .4 1 it 6 96 3 11 9 .8
1 11 5 5 3 .7 5 0 .6 1 5 6 65 6 7 .6
1 12 5 0 3 .3 1 0 0 .0 1 6 6 59 0 5 2 .9
1 13 5 07 .1 9 ~ .2 1 7 6 2 “ fi 18 .1
1 14 5 6 i .0 5 3 .8 1 0 6 02 2 89.1
1 15 5 4 0 .1 5 5 .5 1 9 6 39 6 8 9 .8
1 1 7 5 OO ,7 9 6 .? 1 10 6 79 82 .5
1 1 0 5 0 0 .6 ' '  .0 1 ) 2 6 52 6 3 8 .5
1 1 9 5 55 .1 8 3 . ? 1 13 6 81 9 9 9 .5
1 22 5 1 0 6 .7 101 .9 1 15 6 41 9 2 3 .2
1 24 5 34 j 88 .0 1 1 7 6 01 0 1 1 2 .8
1 25 5 34 .1 3 2 .2 1 1 0 6 76 3 5 3 .2
1 2 6 5 67 .1 63 .0 1 4 6 44 7 88 . ’
0 5 3 4 .7 2 5 .? 1 22 6 64 6 8 0 .5
i 1 5 1 1 2 .3 11 7 . 9 2 6 121 2 1 2 2 .6
2 5 71 .9 8 3 .6 2 4 fi 65 3 71 .6
p -i 5 4 9 .4 3 5 .3 2 5 6 14 7 1 9 .9
o 6 5 1 6 ^ .2 19 3 .6 2 7 6 4 ° 2 6 5 .3
0 7 0 0 .6 2 6 32 1 2 9 .8
ci X 5 9 .2 6 ? ! 9 2 9 6 67 81 .9
p 10 5 7 0 .4 8 8 .9 2 1 6 114 9 198 .9
p 12 5 51 .6 7 5 .2 2 15 6 1 .0 1 3 9 .7
2 13 5 6 6 .4 6 7 .2 fi 3 6 24 5 2 6 .1
2 1 5 5 5 3 .3 63 .1 3 4 6 72 3 78 .8
2 1 9 5 0 5 .2 69 .1 3 5 6 131 6 108 .0
2 20 5 6 0 .9 6 9 .2 3 (0 6 7 1 5 8 .8
3 0 5 7 f i . f i 8 0 .2 3 7 6 64 2 7 2 .3
3 1 5 1 5 0 .6 11*5 .0 6 104 9 1 2 6 .5
p 5 5 8 .0 75 .3 3 9 6 54 2 8 0 .9
3 3 1 4 3 .2 1 3 lt .2 3 1 6 71 fi 9Q .9
3 5 6 0 .0 6 8 .2 u 2 6 112 1 0 9 .2
0 0 3 .0 9 8 .0 4 6 52 5 5 ? .1
3 5 9 8 3 .6 h 5 6 100 9 1 1 1 .9
3 10 5 4 3 .2 63 .1 4 6 46 9 2 7 .0
1 1 -6 .6 8 8 .1 4 6 53 6 8 8 .6
3 14 5 39 .1 3 5 . ° it 9 6 5 8 6 31 .8
16 5 ;;0 . 5 8 5 .8 10 6 5 “ 5 6 .7
3 1 5 38.1 4 11. 6 61 6 5 .0
20 5 74 .1 7 7 .5 4 12 6 65 fi 6 3 .8•3 21 5 50 .1 5 3 .5 3 6 "1 2 .8 8 .5
3 22 5 “ 3 .1 6 7 .3 5 ? 6 147 3 1 3 5 .7
3 2 3 5 9 0 .2 8 0 .7 5 3 6 36 7 2 7 .5
3 24 5 6 0 .3 5 6 .2 5 4 6 42 0 5 3 .5
4 0 5 101 .2 11 3 .0 5 5 fi 4 0 6 8 .0
if 2 5 5 6 .5 5 3 .8 5 7 5 5 4 8 5 .0
4 3 5 “'7 .1 9 2 .6 5 4 6 56 3 61 .7
4 5 1 1 1 .7 11 5 .1 5 10 6 68 2 7 5 .9
4 5 5 4 0 .4 3 9 .8 6 6 21 7 1 0 .8
4 5 4 8 .7 5 7 .6 6 if 6 74 0 8 5 .9
4 10 5 6 3 .0 9 0 .1 6 6 fi 74 1 3 6 .1
4 12 fi 5 6 .2 5 0 .5 6 7 6 7 7 .7
4 14 5 1 1 2 .4 1 2 8 .9 6 0 6 4 8 7 3 3 .5
4 15 5 6 9 .4 9 0 .3 6 10 6 66 4 5 5 .3
4 16 5 94 .2 9 7 .3 7 6 42 85 .8
4 1 7 5 5 5 .3 61 .5 7 6 34 6 8 1 .3
4 1 8 5 3 5 .4 ? 8 . 2 7 4 6 34 9 1 2 .5
4 19 5 4 6 .0 8 3 .5 7 5 fi 90 6 SO .0
4 23 5 4 9 .9 5 ” .o fi101 3 1 2 7 .3
4 24 5 7 4 .9 9 8 .6 fi 0 6 107 1 1 0 .5
5 0 5 1 31 .4 1 3 7 .0 0 J: 6 01 8 08 .6
5 5 5 * .5 81 .3 0 6 6 36 0 3 3 .7
3 5 6 6 .0 7 0 .6 0 5 6 73 3 8 2 .6
PART 4.
X - R A Y  AN A L Y S I S  OF 
^-DRQM Q - 3 - N I T R O  BENZOIC ACID.
4 . 1 I N T R 0 D U C T 1 O N .
Xu I;.\ie crystals ol' niimy .simple derivatives of 
benzene, r e p ulsion between non-bonded atoms of the aromatic 
system may lead to d e f o r mation of (die regular pattern. 
Molecules in which such deformations occur are said to be 
"overcrowded". A n u mber of these "overcrowded" molecules 
have b een examined by x-ray crystallographic methods in 
recent y e a r s .
Halogen derivatives of benzene and simple 
aromatic compounds closely related to benzene, would be 
expected to be subject to steric effects because of the 
close proximity of the halogen atom to neighbouring groups. 
In the case of the p olyhalogeno-beuzene derivatives, the 
positions of the heavy atoms may be determined with some 
precision, but the lighter atoms in the presence of the 
h a l ogen atoms may not be located with sufficient accuracy 
to permit a detailed description of the structure. This 
is clearly shown in the case of 1:2:4:5 tetrabromobenzene 
(Gafner and Herbstein, i9 6 0 ), in which the standard 
deviations of the positional parameters of the bromine atoms 
are 0 . 0 0 3  X, while the standard deviations of the carbon 
atoms are 0.026 X.
"When an x-ray analysts of’ a. pel y subs ti tuted 
benzene derivative containing only one halogen atom is 
carried out, then live lighter atoms can be located with 
more accuracy, and thus a more detailed description of 
the molecular g-eometry may be undertaken,, The kind of 
results that may be obtained from .the accurate x-ray 
analyses of this type of molecule are shown by the work 
on the structures of some "overcrowded" benzoic acids by 
F e r g u s o n  and Sim. They have studied o-chloro benzoic acid 
( 1 9 6 1 ), o-bromo benzoic acid ( 1962a), and 2-cfiloro-5~nitro 
benzoic acid ( 1 9 6 2 b). Other workers in this field are 
McPhail ( 1 9 6 3 ), who h as studied the structure of 2 -chloro- 
4-nitro aniline , and Islam ( 1.9 6 6 ), who has studied the 
structure of o-chloro benzoyl acetylene.
The results of all these analyses show that, 
in the solid state, both, in the plane of the benzene 
ring, and out of the plane of the benzene ring, there 
are rneasureable displacements of adjacent substituents, 
leading to "splaying-out" of bond angles, and to 
rotation of substituent groups about the bond joining 
them to the benzene ring.
lit-
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Figure 1.
Crystals of 4-bromo-'j-ni Lro benzoic acid 
(fig. 1), suitable for x-ray investigation were obtained 
by recrys t a l l i s i n g  the crude, commercially available 
material from an alcohol-ether mixture. In the 
calculations involved in the analysis, the atoms were 
n u m b ere d a s s h o w n .
Preliminary work on this compound was 
undertaken by Dr. G. Ferguson, ( 1 9 6 1 ), as part of his 
investigations into the structures of a series of 
"overcrowded" benzoic acid derivatives, as mentioned 
earlier in this section.
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4.2 E X P E R I M E N T A L .
4 -bromo-3~u i .t ro l-ienzoic acid has mol ecular 
formula C^TI^N O ^ B r . Tlie moleoulaf weight is therefore
246.0.
Rotation, oscillailon, and Weissenbervj 
ph o t ogr apt) s were taken with copper K-OL radiation 
( 1.542 K ) . The cell dimensions were calculated
from rotation and W e i s s e n b e r g  p h o t o g r a p h s , and from 
these the f oJ. J owing values were obtained, 
a = 7.48 +_ 0.02 &
b = 5.82 _+ 0.02 &
c = - 1 9 . 2 7 + 0 . 0 4  5
^ = 1 0 3 0 3 f
The volume of the unit 00 1.1 was calculated 
from the cell dimensions, and was f o u n d  t o  b e  8 1 7 f t
From an examination of the Weissenlierg 
photographs , it could be seen that (die hOl reflections 
were absent when 1 was odd, and also that the OkO
reflections were absent when k was odd. Thus, the
space group was uniquely determined to be P2^/c.
The density of the crystal is 1.99 gm per ml 
and therefore the number of molecules per unit cell is 
found to be four. This number leads to a calculated 
density of 2.00 gm. per ml.
9 9  .
T h e  v a l u e  o f  t h e  l i n e a r  a b s o r p t i o n  e o e  f f i c  t e n  t
-  1
f o r  c o p p e r  K - o C  r a d i a t i o n  w a s  f o u n d  t o  b e  7 ^ . 5  ran.
The total number of trier I rons i n tint unit relJ , F(000),
was found to be 480. " ]£yf*~?T Cor the h e a v y  bromine atom
is 1225, while u 2Jf " for the li./’;ht -a.toms is 591 . From 
this, it is possible to calculate _r, where 
r^ = ."'2 f2 n n/" *2 "
The value found for r is I.48, and thus between 80% and
90^ of the phases calculated from the heavy atom alone 
will be correct ( S i m ,  1957)-
I n t e n s i t y  d a t a  w e r e  o b t a i n e d  f r o m ,  e q u a t o r i a l  
a n d  e q u i - i n c l  i n a  I r i o n  m u l t i p l e  f i l m  We i. s s e n  b e  r>>; p h o t o g r a p h s ,  
o b t a i n e d  b y  r o t a t i n g  t h e  c r y s t a l  a b o u t  t h e  n e e d l e  a x i s  
( b - c r y s t a l  a x i s ) .  T h e  r e c i p r o c a l  l a t t i c e  n e t s  h O l , . . .
. . . , h'Jl were recorded in this way. T h e  intensities 
were estimated visually, and 9 6 O independent intensity 
esti rn a tions w o r e m a d e .
T h e  intensity values were corrected for 
Lorentz, polarisation and the rotation factors appropriate 
to the upper layers (Tunell, 1939), and the structure 
amplitudes were- derived by the usual mosaic crystal 
f o r m u l a e .
I 0 0  .
Small crystals were used, and therefore no 
absorption correct Lons were curried out. The; tour 
sets of structure amplitudes were; placed on the same 
scale by comparison with the cal.cula ted structure 
amplitudes obtained from the Patterson function, and 
the scaling factors were adjusted throughout the three 
dimensional refinements to ensure that the observed 
structure amplitudes were always correctly scaled.
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4.3 STRUCTURE DETERMINATION A.Nil) R E F I N E M E N T .
4.3.1 STRUCTURE DETERM.I NAT 1 ON „
In 19(>1 . as parf of' his i nves L i ga t. i 011s into
" o v e r c r o w d i n g ” in benzoic acids. Dr. G. Ferguson began 
the structure deterinina t i oj 1 of 4 - bro in o - -n i t ro benzoic 
acid. Therefore, before the present analysis of this 
compound is d e s c r i b e d , it is n e c e s s a r y  to give a brief 
summary of the work done by Dr. Ferguson.
In this preliminary work, structure amplitudes 
were obtained for the hOl and 1131 ta'jGrS only. The 
Patterson projection on (0 I 0) was calculated, and this 
is shown in fig. 2. The large peak on this projection 
at a general posit-ion was chosen as representing the 
brornine-bromine vector'. Structure factor's were then 
calculated using the bromine coordinates obtained, and 
this led to an agreement index, R, of' 4o%. From the 
first two dimensional Fourier synthesis, the position of 
all the r e m a i n i n g  atoms, with the exception of hydrogens, 
could be clearly distinguished. Therefore, x and z_ 
coordinates for the carbon, nitrogen and oxygen atoms 
were obtained, and those of the bromine atom were improved.

I 02 .
Th.ese 111 j r teen ;1Ioms we ro i nt:J tided as t he i r 
appropriate chemical types in the e va J ua t. i on ol' two 
further sets of structure factors. The isotropic 
temperature factors employed were U = 0.05 . Two
Fourier syntheses were calculated, one based upon |F o j 
and the other based upon f F c f . "back-sh i.ft" corrections
to allow for the effect of termination of series errors 
in F o u rier summations were carried out. The value of 
the agreement index fell to 21%.
U s i n g  the h'jl data, three dimensional Patterson 
line sections were calculated in order to find the y 
coordinate of the bromine atom. It was assumed that the 
seven carbon atoms and the bromine atom were coplanar, and 
from considerations of known bond lengths, approximate y 
coordinates for the carbon atoms were calculated.
Using the x and y, coordinates obtained from the 
(010) projection, and the calculated y coordinates, 
structure factors for the li'jl were calculated on the
basis of the bromine and carbon contributions only. This 
led to an agreement index of 42^. U s ing only the h31 
data, Fourier line syntheses parallel to the y direction 
were calculated through the known x and / positions of the 
a t o m s .
1 03.
In this way, y coordinates for alJ the thirteen atoms 
were obtained . A cycle of structure ('actors based on 
these coordinates was evaluated, u s ing j sotrop.i c 
temperature factors of U = 0.05 ^ • This led to an 
agreement index, of 28$. Refinement of the coordinates 
was continued by | Fof and I Fc| Foij r i or ca. 1 eu 1 a t :i ons for 
two more cycles, and this resulted in values of the 
agreement index of 18.5$ for the hOl data, and 21.6$ for the 
h.31 data.
The structure analysis of 4-bromo-'j-nitro 
benzoic acid had. readied this stage whe n  the present 
investigations were begun. Dr. Ferguson only collected 
part of the available data, and, in addition, the intensity 
data which were collected were not very accurate.
Therefore, it was decided to restart the analysis of 
4 - b r o m o-3-nitro benzoic acid by estimating a completely 
new set of intensity data. In this way, 9 6 0 independent 
observed structure amplitudes were obtained.
4.3.2 STR U C T U R E  REF I IN1 E M E N T .
U s i n g  the new values obtained for the observed 
structure a m p l i t u d e s . and the fractional coordinates for 
all the atoms (except hydrogens), which had been 
dete r m i n e d  by Dr. Ferguson, a cycle of structure factors 
was evaluated. Once again, overall i sotropic temperature 
factors of U = 0.05 were used. This led to a value of
the agreement index, over all observed structure amplitudes, 
of 20.1$.
An  isotropic temperature factors were calculated 
for all the atoms. Refinement, of the positional and 
thermal parameters was continued by the method of least 
squares. A f ter five cycles of block diagonal refinement, 
the p a r a meter shifts became very small, and the value of 
the agreement index for each zone in turn was reduced to 
9.08$ for the h01 joxfar 9 - 19$  for the till IqxjG*-, 10.84$ 
for the h21 |cb|a.r and 10.'/ 1$ for the h'Jl looker, the overall 
value being 9.90$. At this stage, it was decided to 
include in the analysis the four hydrogen atoms present 
in the molecule, which were as yet undetected. Structure 
factors obtained from the last least squares cycle were 
employed in the calculation of a three dimensional Fourier 
synthesis, with coefficients |Fo| - 11 < f . Small peaks
of about 0.6 — 0.9 electrons per’ cubic Angxstrom appeared
s 0 3 .
in the positions ox pec ted fur the I'oiir ft ydro^'ij a. Loins, 
and coordinates f or thost* foilr a t o m s  wer»> then m l  ciliated
by  tlie me thod due to Booth ( 1 O^fBb) .
k final structure r.ic tor calculation, 
em p l o y i n g  ;.m overfill isotropic: temperature far tor of 
U  = 0.05 for the hydrogen atoms, and individual
a nisotropic temperatlire far tors for the other thirteen 
atoms, was then calculated. T h i s  led to a. final value 
for the agreement index of The course of the
analysis is shown in diagcaminatic form in Table 1.
Theore t i eal atomic sea 11cring factors were 
employed for the s true hire factor eal cula l.ions; those of 
Berghuis et.al. (1955) for carbon, oxygon and nitrogen, 
that of McWeeny (1951) for hydrogen, and the T h o m a s —Fermi 
( 1 9 3 5 ) values for bromine.
F o r  the least squares refinement, the weighting 
scheme used was that of Cruickshank et.al. ( 1961b), where
In this, the constant terms are
p = 2, F m in - 2.0 
1
= 2/F max = 0.013
TA BL E 1
COURSE OF THE ANALYSIS.
O P E R A T I O N .
a . Usiriff BOl data o n l y .
Two dimensioJial Patterson 
synthesis
1st 2D Fourier synthesis 
2nd " ”
3rd " "
b. U s i n g  li 31 dot a o n l y .
Po u r i e r 1 i n e s e e t i on s
F ou i e r J i ne see t i on s 
c . Us ing al 1 thi e d a t a .
3D Fourier Synthesis 
1st Least Squares Cycle 
2nd " "
3rd " "
4 th » "
5 th " "
Final SF Calculation
ATOMS INCLUDED R(/°)
(Hr)
(Br) + 4(0) + N + 7(C)
(Hr) + 7(C)
(llr) + 7(C) + 4(0) + N
40. 0 
29.0 
2 1 „ 0
42 . 0 
28 . 0
2 0 . 1 
18.3 
16.0 
12.9 
11.2 
9.9
(Br) + 7(C) + 4(0) + N + 4(B) 9.5
4 . 4  RESULTS OF T HE ANALYSIS
The final atomic, coord Lriates are listed 
in. Table 2. The anisotropic temperature factor’s given 
by the least squares .refinement are listed in Table 3 • 
The standard deviations of the final atomic coordinates, 
w i t h  the exception of the hydrogen atoms are given in 
Table 4.  The standard deviations were obtained from 
the least squares totals in the manner do tailed in 
sec tion 1.9.
The interatomic: bond lengths are listed 
in Table 5, and the interatomic bond angles are given in 
Table 6 .
Table 7 lists some of’ the intramolecular 
n on-bonded d i s t a n c e s , and the shorter intermolecular 
distances, w h i c h  are those, contacts less than or equal 
to 3.90 K , a r e g i v e n 1 n T a hie 8 . The dev i a t i o n s of 
individual atoms from the hors t planes tfirough different 
sets of atoms are given in Table 9*
The observed and calculated structure 
factors are given in Table 10, the values being those 
obtained from the final least squares cycle. The final
value for the agro-re men t index, calculated over 9^0 
observed structure amp 1 i tud e s , i s 7. 4 7% .
I 0 7.
The atomic arraii^omont of the molecule as 
viewed along the b-axis is shown in tig;. 7, and the 
packing- of the molecules in the crystal as vi owed along 
the b-axis is shown in fig. 4.
Using; the formulae given in section 1.9? the 
standard deviations for the bond lengths and the bond 
angles can be calculated. The average estimated 
standard deviation for a carbon-carbon single bond is 
0.02 S, and for a typical trigonal angle it is 1°.
I 08 .
h .5 D I S C U S S I O N  OF R E S U L T S .
The atomic coordinates which .are listed in 
Table 2 were used for the calculation of a series of best 
planes through various groups of atoms in the molecule.
T h ese planes were calculated by the method of Schomaker 
et.al. ( 1 9 5 9 ).
The best plane through the six carbon 
atoms of the benzene r ing was found to have the equation 
0 .0 7 0 -^ x + 0.62 02 y - 0.7812 z + 0.1 09^ = 0
The displacements of the individual atoms 
from this plane are shown in Table 9• None of these 
displacements is significant. Also in Table 9 are shown 
the distances of the remaining; carbon atom, the nitrogen 
atom, the four oxygen atoms and the bromine atom from this 
plane. A feature of particular interest is the large 
deviation of 0.20 R of the halogen atom from this p1a n c .
This deviation is considerably greater than the displacement 
of 0.06 R of the bromine atom in o-bromo benzoic acid 
(Ferguson and Sim, 1 9 6 1 ).
The equation of the best plane through 
the four atoms C(l), C(7)» 0 ( 0  and 0(2) of the carboxyl
group is
0 . 0 7 2 8  x - 0 . 5 6 1 7  Y + 0.82*41 z + 0 . 0 2 1 9 = 0
1 0 9  .
The deviations of the individual a I: o ms from tills plane
are also shown In Table 9; no dev j. a. 1.1 on Ls s 1 gui f i cant .
The atoms of the nil.ro grouji N( 1), 0(3)
and 0(4) .and also the carbon atom 0 ( 1) of the benzene
r ing are coplanar to within the limits of the standard
deviations, the equation of the best plane through 
these atoms being
0.6339 x - 0.6754 y + 0.3767 z + 3.2513 =■ 0 
Once again, the deviations of these four atoms from the
best plane are given in Table 9-
The nitro group is tilted at an angle of 
48.0° to the plane of the benzene ring. The rotation of 
the nitro group out of the plane is a little larger than 
that found in 4 -ch lo ro-'j-ni tro benzoic acid (Ferguson,
1936) where the value is '16°. The angle of inclination 
of the carboxyl group to the plane of the benzene ring is 
only 9*2°, while in o-bromo benzoic acid (Ferguson and
Sim, 1 9 6 1 ) the inclination of the carboxyl group is
18.3°. This difference is caused by the different 
relative positions of the other substituents to the 
carboxyl group. in o-bromo benzoic acid, the bromine 
atom is adjacent to the carboxyl group, and thus has a 
more direct influence on the rotation o f the carboxyl group 
than in 4 - b r o m o - 3 - n i tro benzoic a c i d , where the nearest 
substituent to the carboxyl group is m e t a .
In the case of o-bromo benzoyl acetylene (Fergus on and 
Islam, 1 9 6 6 ) a compound in which the two substituents 
are o r t h o to each other, the any 1 e o J' rotation out of the 
plane of tlie benzene ring is 1 3. I C .
In addition to the "out-of-plane" bending 
of the carboxyl and nitro groups, s i ,";nif Leant, " in-1 tie-plane" 
splaying out of the exoeyelic valency, bonds was noted.
The angle be tween exocyclio carbon-ni trogen. and carbon- 
bromine bonds, which in a regular.' planar model is bO^, is 
increased beyond this value to 6 5 .8 . This can be compared
with o-chloro benzoyl acetylene (Islam, 1 9 6 6 ), where the 
angle between the carbon-ehlorine bond and the exocyclic 
carbon-carbon bond is 6 7 . 2 ° . This splaying out is also 
apparent in the intramolecular nun-bonded b r online-ni trogen 
distance, which is increased from its expected value of 
3.10 R to 3.21 R .
The carbon-carbon bond lengths in the 
benzene ring vary from 1.36 R to 1.63 R, the average 
value b e i n g  1.39 R . This value is in good agreement with 
the figure of 1.393 A reported for the carbon-carbon bond 
distance in p-nitro-aniline (Trueblood et.al,, 1961), and 
that of 1.396 R found in o-bromo benzoic acid (Fergus o n and 
Sim, 1 9 6 1 ). The standard value, given in International 
Tables for X-Ray Crystallography, Volume 111, is 1.396 X.
111.
The length of Lite oxocyclio carbon-carbon 
bond is 1.63 R. • The standard single bond distance between 
sp^ — hybrid ised carbon atoms bias been estimated as 1.679 R 
(Dewar and Schriie.i.sing, 1939). 'Thus, the; value obtained 
agrees well with this e s t i 1 ri a t e , and ; 11 s o w i Id 1 t h e v a lues 
of 1.677 R found in p - benzoquinone (Trotter, i9 6 0 ), and 
1.683 ^ found in butadiene (Tables of Interatomic Distances,
1958)c
The lengths of the carbon-oxygen bonds in 
the carboxyl group are 1,26 R and 1.31 R- The difference 
between these two distances is therefore 0.09 Rf while in 
the case of o-bromo benzoic acid and o-chJoro benzoic acid 
the differences are 0.1 5 R and 0 . 0 9 R respec.ij v e l y 0 In 
6 -bronio-3-ijj. fro benzoic acid the C-C-O angles have values 
of 1 2 1 . 1° and 1 1 9 .6 °, w h ich can be compared with the values 
of 1 2 6 .0 ° and 1 1 3 .7 ° in o-bromo benzoic acid, and 122.2 
and 113.3° in o-chloro benzoic acid. Therefore, these 
last two compounds conform to the customary pattern of 
carboxyl groups, in w h i c h  there is a significant difference 
between the two angles, whereas 6 —b r o m o — 3—nitro benzoic 
acid does n o t .
This bond length and angle pat, tern round 
the carbon atom of a carboxyl group also occurs iri the 
analysis of benzoic acid (.Sim, 19 9 3). Sim, Robertson 
and G o o d w i n  (19 5 5) have; [.jointed out that shortening of 
the exocyelic carbon-carbon bond can bo correlated with 
an increase in tin; sum of the lengths of the; two carbon- 
oxygen bonds. The results of Sim (1955), suggest that 
in the benzene carboxylic acids, the following three 
resonance forms make significant contributions to the 
structure of the carboxyl group.
<■
c
IJO 0 HO O H + 0 0
Therefore, the Lnterbond angles round C(7) should all be 
nearly e q u a l , and the carbon-carbon bond, 0( 1 )-C(7) will 
be slightly shortened.
The carbon-nitrogen bond, C(3)-N(l) has 
length 1.6-9 R, which does not differ significantly from 
the value of 1.686 R found In nitrobmi/mm; (Trotter, 1959), 
and 1.670 R In m-di nitrobonzcno (Trot for, I9bl). The 
nitrogen-oxygen bond lengths arc 1.26 R and 1.25 R ,
and these are in excellent, agreement, wit',h the value of 
1 .2k'} S obtained tor the s-tr ini tro benzene complex of 
azulene (Hans o n , 196 5 ) and the value of \ 02 k r-> K found in 
2-nitrobe n z a l d e h y d e  ( Coppens , 1 9(>k ) 0 The nitro^eri-oxygen 
bond length found in the case of p-.ni.tro aniline (Trueblood, 
e t. a l . , 196 1 ) was 1 „ 296 +_ 0.007 A. The angles about the 
nitrogen atom of this group conform to the expected 
pattern, in that the angle O-N-O exceeds 1 2 0°, whereas 
both the C-N-0 angles are less than 120°. These angular 
variations can he explained qualitatively Ln terms of 
inter-electron repulsions d e c r e a s i n g  in the order n o n ­
bond. ..non-bond p a i r s , n o n - b o n d . . .bond p a i r s , and b o n d . .. 
...bond pairs.
Tlie ca r bon-bromine d is t an ee is 1 „ 9 1 ^ » 
and this is longer than the value of 1.89 ^ quoted for the 
aromatic carbon-bromino distance in Tables of Interatomic 
Distances ( l 9 5 8 ) 0 However, this value agrees well with 
the value of 1.89 ^ found in o-bromo benzoic acid (Ferguson, 
1961 ) and also the value of 1 a ()0 A obtained in the case of 
^  - 1 : 2-4 : 5 -te tr abr omobenzene (Cafjier and Herbstein, i9 6 0 ).
1 1 h .
The closest Li i be rmo .I e cu 1 nr approach occurs 
b e t ween oxygen .atoms of adjacent carboxyl groups, which 
are related by a centre of symmetry. The 0-11. „ . „ , . 0 
distance was found to be 2.67 A. This distance is normal 
for this typo; of hydrogen bonding. All other intermolecular 
contacts, which are listed in Table; 8, are greater than 
3.0 , and correspond to n o rmal Van dor Waal's
i n t e r a c t i o n s „
The atomic arrangement of the molecule as viewed 
along the b-axis.
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4-HROMO-3-N'l.TRO BENZOIC A C I D . 
F i: NAL ATOM'l C COOICD I N ATES .
ATOM. x/a y/b ■a / c
C(1 ) - 0.2501 0.3558 0.08 39
C(2) -0.1684 0.5330 0.12 88
C(3) -0.2748 0 . 6 7 1 2 0 . 1 5 9 9
C(4) -0.4641 0.6541 0 . 1 4 5 9
C(5) - 0 . 5 4 7 2 0.4836 0.1015
C(6) -0.4443 0 . 3 2 7 2 0.0730
C(7) -0.1421 0.2 062 0.0493
N(1) - 0 . 1 7 6 5 0.8461 0.2114
0( 1 ) -0.2200 0 . 0 3 0 0 0.0126
0(2) 0.0241 0.2494 0.0511
0(3) -0.0593 O .9665 0 . 1 9 2 3
0(4) -0.22 14 O .8565 0 . 2 7 0 2
Br( 1 ) -0.6164 0.8682 0.1814
lf( 1 ) -0.6822 0.4703 0 0 \c
H(2) “ 0 . 5 0 5 9 0.2022 0.0426
H(3) - 0 . 0 3 3 0 0.5550 0 . 1384
h (4) 0.146 3 0.1000 0 . 0 1 6 9
TABLE 'j .
4 -  B R 0  M 0 -  '3 -  N I T  BO B E N Z O I C  A C I D .
F I N A L  A N I S O T R O P I C TEMPERAT ORE FACTORS .(tf2 )
ATOM.
U 11 U 22 U 33 2U2 3 2U 3i 2 U 12
C( 1 ) o .0505 0 . 0 3 0 9 0 . 0 4 3 7 , 0 . 0111 0 . 0 3 1 3 - 0 . 0 2 0 5
C(2) 0.0371 0 . 0 1 1 3 0 . 0 3 4 0 0 . 01 5 1 0 . 0 3 0 8 0 . 0 0 1 7
c( 3 ) 0.0373 0 . 0 4 3 6 0 . 0 2 9 3 0 . 0 0 3 8 0 . 0 2 0 4 - 0 . 0 0 9 4
C(f|) 0 . 0 3 4 3 0 . 0 3 2 3 0 . 0 3 5 6 0 . 0 0 8 9 0 . 0 3 2 6 0 . 0 2 6 6
C(5) 0 . 0 3 8 4 0 . 0 4 7 9 0 . 0 3 2 6 0 . 0 1 5 1 0 . 0 3 0 4 0 . 0 1 37
C( 6 ) 0.0434 0 .0518 0 . 0 4 3 7 0 .0049 0 . 0 2 9 4 - 0 . 0 2  08
C(7) 0 . 0 4 4 5 0 . 0 3 6 7 0 . 0 4 0 8 0 . 0 0 3 9 0 . 0 3 2 1 0 . 0 0 2  1
N(1) 0 . 0 4 2 7 0 . 0 5 0 9 0 . 0 3 6 4 - 0 . 0 0 2 0 0 . 0 2 5 2 0 . 005  5
0(1 ) 0 . 0 5 1  6 0 . 0 4 2  1 0 . 0 6 6 6 - 0 . 0 2 3 5 0 . 0 3 4 9 - 0.0312
0(2) 0.0467 0 . 0 3 8 9 0 . 0 6 4 8 - 0 .0447 0 .o4oi - 0 . 0 1 8 5
0 ( 3 ) 0 . 0 6 2 0 0 . 0 3 2 3 0 . 0 6 7 3 0 . 0 0 3 3 0 . 0 2 1 6 - 0 . 0 2 1 7
0(4) 0 . 0 4 9 0 0.08 1 5 0 . 0 4 3 6 - 0 . 0 2 9 7 0 . 0394 - 0 . 0 2 2 1
Br( 1 ) 0 . 0 4 6 3 0 . 0 4 9 2 0 . 0 5 3 0 - 0 . 0 0 8 0 0.0407 0 . 0 1 3 0
TABLE 4.
4-BROMO-3-N .TR O B E N Z O I C  AC I  D .
S T A N D A R D  D E V I A T I O N S  OF  
F I N A L  A T O M I C  C O O R D I N A T E S
ATOM. x ) V(y)
C(1) 0.012 0.015 0.011
C(2) 0 . 009 o.oi h 0.010
C(3 ) 0.010 0.014 0.010
C(4) 0.010 0.013 0.010
C(5 ) 0.010 0 . 0 1 5 0.010
C( 6 ) 0.011 0.015 0.012
C(7 ) 0.011 0 . 0 1 5 0.011
N ( l ) 0.009 0.012 0. 009
0( 1 ) 0. 008 0.011 0. 009
0(2) 0. 007 0.012 0.009
0(3) 0. 009 0.012 0 .009
0(4) 0.008 0.011 0. 008
Br( 1 ) 0.001 0. 002 0. 001
TABLE 5.
4- BROMO-3-NITUO BEN ZOJC ACID.
BOND LEND n-is. (K ).
C( 1 ) - C(2) 1 • 39 c ( 7 ) - 0(1) 1.31
C(1 ) - C(6) 1 . 4 3 C(7) - 0(2) 1.26
C(1) - C(7) 1.45 N( 1 ) - 0(3) 1.24
C(2) - C(3) 1 . 36 N ( 1 ) - 0(4) 1 .25
C(3) - C(4) 1 .38 0(2) - H(3) 1.00
C(3) - N(1 ) 1 .49 C(5) - H( 1 ) 0.99
C(4) - C(5) 1 -37 0(6) - H(2) 0.98
c(4 ) - Br ( 1 ) 1.91 0( 1 ) - H(4) 1 . 1 6
C(5) - C (6) 1 . 38
TA13 LE 6.
4- B R O M O-3-NTTRO RENZO 10 A C I D . 
BOND A N G L E S . ( ° ) .
C(2) - c 1 ) - C ( 6 ) 117.7 0 3) - C(4) - Or(l) 123.2
C ( 2 ) - c 1 ) - 0(7) 1 2 1.2 c 4 ) - c (  -5) - 0 ( 6 ) 119.8
C ( 6 ) - c 1 ) - 0(7) 12 1 . 1 c 5 ) - c ( r , ) - 0 ( 1 ) 120.2
C( 1 ) - c 2 ) - 0(3) 119.5 C 1 ) - 0(7) - <>( 1 ) 1 19.6
C(2) - c 3 ) - 0(4) 120.2 C 1 ) - 0(7) - 0 (2 ) 12 1.1
C ( 2 ) - c 3) - N(1) 116.5 0 1 ) -  0(7) - 0(2) 119.2
C(4 ) -  c 3 ) -  N ( 1 ) 123.4 0 3) - N( 1 ) -  0(3) 117.6
C(3) -  c * 0 - 0(5) 118.4 c 3) - N( 1 ) - 0(4 ) 116.1
C(5) -  c * 0 - B r (1) 118.3 0 3) - N( 1 ) - 0 (4 ) 126 . 3
TABLE 7 .
4-BROMQ-3-NITRO BENZOIC A C I D .
SOME I N T R A M O L E C U L A R  N O N - P O N D E D  C O N T A C T S . ( f t ) .
c 1 ) . . . . C 3) 2 . 38
c 1 ) . . . . C k) 2 . 76
c 1 ). ,. . . . C 5 ) 2 .44
c 1) . . . , N 1 ) 3.72
c 1) . . . . 0 1 ) 2 . 38
c 1) . . . , 0 2 ) 2 . 36
c 2 ) . . . , c k) 2 .39
c 2 ) . . . . c 5) 2 . 78
c 2 ) . . . . c 6) 2.42
c 2 ) . . . . c 7) 2 .48
c 2 ) 1 ) 2.43
c 2 ) . . . , 0 1 ) 3.6.5
c 2 ) , . , . 0 2 ) 2.83
c 2 ) .... 0 *0 3.4 I
c 3) . - . . , c 5) 2.36
c 3) . . . . . . c 6) 2.73
c 3) . •___ c 7) 3.72
C ( l )  0(3) 2 . 'jk
0 ( 3 ) ....... 0(4) 2,'jk
0 ( 3 )  Iir( 1 ) 2.91
0 ( 4 ) ...... 0(6) 2.39
0 (k ) . . . . . .N ( I) 2 . 3 0
0(4) ......0 (3 ) 3.47
0 ( 4 ) ...... o(4) 2.91
0 ( 5 ) ...... 0(7). 3.77
c( 5 ) o   N ( 1 ) 3.74
0 ( 5 ) ...... Br ( 1 ) 2.83
0 ( 6 ) ...... C ( 7 ) 2.51
0 (6 ) ....... 0 ( 1 ) 2.84
0 (6 ) ...... 0 (2 ) 3.65
N ( 1 ) ...... B r ( 1 ) 3.21
0 ( 1 ) ...... 0(2 ) 2.2 1
0 ( 3 ) ...... .0(4) 2 . 2 3
0(4 ) .... . .B r (1 ) 3.06
TAHLE 8.
4-HR0M0-3-N l.TKO 0ENZ010 A C 1 U . 
IN T E R M O L E C U L A R  COMPACTS LESS 'PHAN S. 90 ft.
0( 1 ). . , , 0(2 VII 2.67
0 2 ......o o , ,
C(7 ) • -....0(3 I 3 . 03 C 7
......0
9  V IT
0(4).. --- 0(3 I I 3 . 07 0 2
......0 2 ' V I I J
N(l).. ....0(3 II
3 . 1 6 C 2 ......0 1 1 1
C(1).. --- 0(3 I. 3.19 c 7 ......0 2 ^ VII
C(2). ., 0(4 II 3.28 C 5 o v
0(4).. ....B r ( ^III 3.31
C 3 ......0 1 ^ i i
0(2).. --- 0(3 I 3. 36 C
2 ...... 0 7),
C(6).. ....0(1 VI 8 . 99 c 4
......0 :+ ) I 1 1
C(5).•....o (4 III 3.40 0 4 ...... II 0 ) J|:,
C ( 6 ) . . , . . . C ( 6 V 9.4 l
0 i ...... 0 O f
M  i).--- o ( 3 IV 3.42 0 i ......0 2 6
Br ( 1 ) ...,.0(4 III
8.42 0 3 ......0 O - n
0(1).. --- 0(3 I
3.42 c 1 ..... oC o v
C ( 5 ) . .....0(2 IV 3.42 c 2 ......N D u
0(1).. ....0(1 VII 3.45 0 1
0(2) . .....0(2 VII
3.48 c 5 ......0 ( 7 ) y
3.48
8.49
3.49
3.51
3.51
3.53
3.54 
3 . 55 
3. 55 
3.82 
3.62 
3.63 
3.65 
3.67 
3 * 7 1 
3.71 
3.75
TABLE 8 (ConL.).
C ( 5 ) ..... '3 o 7 b .. N ( 1) ( 3.82
C ( 3 ) ..... .Dr(,)lxI ■<} oc c ( i ) ----
00>
C ( 6 ) ..... •B r (1 )j 3.79 C ( 6 ) . . . .. .o(3) ( 3.87
C( 1 )..... ■N(1)T 3.81 0 ( 3 ) 0 ... . . 0 ( 1)V| 3.88
The subscripts refer to the f ollowi e q uiva1e n t posit
I x ; - 1 + y ; z .
II - x ; i Wj
M + 2 - z.
III - 1 - x ; — h + y; 2 ~ Z .
IV - 1 + x ; y ; z .
V -1 - x; 1 - y; - z .
VI -1 - x; - y; - Z .
VII - x ; - y; - . z .
VIII - 1 - y; - z .
TABLE 9.
4 - 1 3 R O M O - 8 - N  T T I V O  B E N Z O I C  A C I D .
D E V I A T I O N S  FROM T I  IE B E S T  BEANES  
T H R O U G H  S E T S  OF A T O M S . ( R ) a
(a). P L ANE D E F I N E D  BY c( 1 ) , C ( 2 ) ,0(3) ,C(4) ,0(5) and C ( 6
A TOM DEVIATION ATOM DEVIATION
C(1) 0 . 005 C ( 7 ) 0. 042
C(2) 0 . 0 1 6 N( 1 ) -0.094
C(3) - 0 . 0 0 7 0 ( 1 ) -0.086
0(4) - 0.0 2 5 0 (2) 0.258
C(5) 0. 047 0 (3) 0.688
C(6) -0. 0'36 0 (4 ) -0.961
Dr( 1 ) 0.204
(b). PLANE D E F I N E D  BY c( 3),N(1),0(3) and o(4).
A TOM DEVIATION ATOM DEVIATION
C(3) 0. 000 0 (3) 0. 000
N(1 ) -0.000 0 (4 ) 0. 000
(c ). PLANE D E F I N E D  BY C( 1 ),c(7),o(1 ) and 0(2)„
A T O M DEVIATION ATOM DEVIATION
C( 1 ) 0.005 0( 1 ) 0 .0 0 6
C(7) -0.017 0(2) 0.006
TABLE 10 (Overleaf).
^-B R O M Q - 3 - N I T R O  BENZOIC A C I D . 
T HE OBSERVED AND CALCULATED
STRUCTURE AMPLITUDES.
II K L Po
o a 96.3- 103.it 
0 10 21 ,7 26.2 
0 12 20.2 20.7
2 79.2 67.5 
4 150.6 142.8 
6 76.9 -72.6 
‘  39.6 35.3 
17.3 14.3 
66 .9 -67.1 
0 14 28.3 30.0
0 16 15.8 16.8 
0 ia  15.5 -15.7
0 20 21 .7 22.0
0 22 11 .5
H  K L Po
0 10
0 -2
I .  -9.4 
8.5 40.3
O .4 12.3 -14.6
0 -6 21 .4 .28.2
0 .6  28.0 32.3 0-10 64.7 -63.9 0-12 17.5 -17.9 
0-14 24.0 27.3 
0-16 50.5 -43.2 
0-18 29.3 30.00.20 S.8 -4 .60-22 5 .9  -5 .3
0-24 13.7 16.3 2 0 0 6 .9  -7 .62 0 2 130.1 116.5 2 0 4 156.1-140.2 
2 0 6  63.5 57.0 
2 0 3 27.7 -20.5 
2 0 10 50.0 -44.22 0 12 52.2 46.9 2 0 14 31 .7 -31 .2
2 0 16 7.6 -5 .8
2 0 13 12.3 14.1 2 0 20 5.9 -4 .3
2 0 - 2  91.0-101.3 
"9.92 0 - 4  90.4
-6 4.4 -67.6
. 65.6 -65.8 
2 0-12 61.9 -  37.4 
2 0-14 13.6 12.4 2 0-16 35.6 37.1 
2 0-13 32.4 -35.9 
2 0-20 23.3 26.0 
2 0-22 5.0 3.0
2 0-24 26.2 -24.5
3 0 6 23.7 25.
0 14 23.9 -23.4 
0 16 21 .5 22.3 
0 13 10,3 -9.1
0 -2 23.2 36.30 -4 51 .3 -55.3
-3
4.5 
■ -41.3
i-22 5.9 5.4
0 -6 53.3 -68.3 
0 -3 63.4 33.0
0-10 7.5 -5 .90-12 34.1 -33.5
0-22 25.5 -24.3 
O 0 72.0 72.4
0 2 5.6 -3.90 4 26.4 -21.2 
0 6 31 .4 30.6
0 3 15.3 - ’ 2.3
0 10 13.5 -13.0 
0 12 15.3 13.6
O 14 6.3 -6.30 16 14.3 15.3
0 -2 57.4 -57.60 -4 65.0 54.4 
0 -6  22.4 29.1
O -8  51.6 -64.0
1-22 22.7 21.3
6 0 3 6.0 -4.6
6 0 10 15.5 13.4
6 0 12 12.9 -12.4
6 0 14 5.9 5.3
6 0-10 51 .5 -57.4
6 0-12 1 9 .6 -1 3 .7
6 0-16 33.3 -28.0 
6 0-13 30.0 27.5
6 0-20 10.7 -10.0
7 O 0 11.2 -9.2
7 0 2 34.7 36.4
10 13.2 -14.3
-U -S:J
-13 20.7 -21 .3
0.14 23.6 -29.5
0-16 16.9 17.0 
0 0 16.3 -14.0
0 2 11.9 11.9
0 -2 19.9 13.1
0 -6 17.3 -15.9 0 -3 21 .5 20.3 
0-10 10.6 -9 .9
38.3 33.6 
41 .4 .37.3 
44.6 -41 .8
14 6 .9  -6 .9
17 23.5 19.0 
13 15.0 12.3 
19 13.1 -11.6
5 26.1 2 7 .B
92.9 -34.9 
49.0 «7.3 
47.3 41 .9
13 13.4 -14.5
22 16.5 15.9
6 45.1
-9 .3
7 54.6 52.9 
3 39.2 40.0
9 43.7 -47.9 10 20.3 -21 .2
12 7.9 -7.2
13 17.6 16.4
14 31.3 24.Q
15 1?.4 -17.1
21 6.1 -5.3
22.9 23.6 
36.7 30.7 
35.2 -35.2
.16 22.6 -28.0 
.17 5.6 -5.5
.19 13.1 -17.0
3i .0 -26.
32.2 -31 . 
29.7 -27.
-4 35.3 33.2
-5 6.5 -7.1
-6 22.1 20.5
-7 46.6 43.7 
-8  56.0 -52.6 
-9 25.2 -20 ,~t
-17 23.3 21.5 
-13 12.5 -13.9
43.3 51 .1
39.5 jj 6.6
3 26.7 21.2
-7 2 .7  0.5-8 27.0 23.3 
-9 44.2 45.4
-10 36.4 -31.3 
-11 29.9 -27.8-12 22.3 23.9 
-13 19.4 13.1
-14 5.5 5.4
-15 29.1 29.1
-16 23.3 .27.1 
-17 33.0 -32.6 
-13 27.5 27.7 
-19 16.9 16.4 -20 17.7 -15.0
-23 5.3 -4 .6
0 29.2 -32.5
1 44.9 41.4
3 30.7 -30.2
5 14.9 16.76 9.7 . -7.6
7 9.9 9.7
43.9 44.6 
49.3 49.9 
44.2 -45.7
19.5 22.7 
41.1 -37.7 
33.0 -30.2
-13 13.6 -23.7
17.6 -23.7
19.6 -29.3 
30.3 50.5
9.5 -9.3 I 
14.0 -13.4 
25.7 -32.3 
7.2 ~.2
9.1 -10.7
-2 20.0 23.2
22.3 -2 
25.7 3
29.5 3:
-3 12.0 -13.5
2 2 6.4 -6.0
:5’S
56 .6 
43.5
75.1 • 
33.3
3.1
32.2
5.232.3 •
H  K L Po
2 21 17.7 -20.32 0 0 .9  0.7
2 1 17.I -12.6 2 2 36.6 -23.1 
2 3 65.1 -65.7
2 4 17.0 -17.2
2 5 32.0 73.6
2 6 45.0 28.4
2 7 26.3 -29.7
2 15 12.§ 
2 16 3.4
2 17 9.5
2 -2 39.3 -37 .' 
2 -3 50.1 -53.: 
2 -4 12.4 B.1
2 -5 41 .2 44.'
2 -6 27.9 23 .’ 
2 -7 62.6 • 71 .< 2 -3  4.2 -5 .
2 .9  80.2 .77.! 
2-11 15.4 13.'
2-13 13.1 17.
2.14 10.8 10.!
2-15 52.7 -4?.'
2-17 43.3 40.
2-13 13.5 -21 .
3 100.2
4 11.9
5 92.3
2 2 9 29.5 2?
2 2 10 16.3 17
2 2 11 52,0 -45,
2 2 13 32.9 30
6 2 3 27.5 -25.5
2 2 -7 22.9
2-13 19.4 
2.14 10.9
2-15 16.0
50.7
9.9
-65.2
2-21 7.9 -3.1
3 2 2 13.1 -10.5 
3 2 3 53.1 -40.2
3 2 9 36.3 -31
3 2 19 9i6 -9*.B
2 -7 59.0 -54..
51 .3 
25.3
17 3.2 -7 . '
20.3 .22.5 
21.0 21.9
34 . 9 3 3 .7
2 .1 
2 -2
i-j
2 -5
2 -9 2-11 
2-13
15.5 1B.O 
23.4 26.6 
16.2 -19.5 
25.8 -24.6
9.6 -11 .6
23.1 29.5
12.6 -15.1
6.4 -4.1
5.4 4.7
26.7 -23.9
30.2 32.2 
3.2 -7 .7  8.0 3.3
3 ^ 0  '3?!3
28.2 25.6 
12.5 -16.9 
5.3 5.2
9.5 -9.7
24.7 -31.5 
9.0 -6.4 
25.1 -21.7
6-7 -7.2
8 2 - 5  15.9 19.3 
3 2 - 7  13.7 -19.1
3 2 -B 6.9 6.7
3 .2.3 2-148 2-15
-12 2.2 3.9
25.0 -29.7
22.7 -2S.4 
13.9 14.0
34.7 39.3
3 5 1-2.9 15.02 6 31 .5 29.1
3 7 35.2 33.4 
3 8 27.5 -25.6 
3 9 33.8 -33.9
3 - 3  5 5 .3 -5 1 .5
3 -6 21.0 27.0
3-12 34.1 32 .1
2 3 3 3.5 -4.9
19.2 16.7
14.2 -11.9 
6.9 -7.6
2 3 -1 64.2 53.3
2 3 - 2  15.0 16.6 
2 3 .3 10.4 -12.2
2 3 - 4  9.1 10.0
2 3 - 5  23.6 -26.5
2 3 - 6  56.1 -55.7
2 3 -7 39.1 33.4
2 3 - 9  25.3 -35.5 
2 3 -B 30.3 27.3
2 3-11 16.0 -14.1
2 3-14 23,2 22.8
2 3-15 7.1 -10.3
2 3-20 12.3 13.0
2 3-21 12.0 .11 .9
3 3 10 14.9 -14.
3 3 11 13.5 -13.4
3 3 12 13.4 14.7
3 3 14 12.8 -12.0
3 3 15 9.8 -12.0
3 3 IB 5.3 5.6
H  K  L  Po P c
3 3 19 7.5 0.5
3 3 -1 59.9 -5 7 .7
3 3 - 2  39.7 -38.3 
3 3 - 3  3B.9 36.9 
3 3 - 4  12.6 9.9
3 2 - 5  6.9 -5.7
3 3 -6 3.9 -0.7
3 3 -7 24.2 -23.3
3-11 26.5 • 
3-12 10.2
3-13 13.0
3 3-21 5.5 5.0
3 2-22 5.5 5.2
3 6 2 2 .5 -2 1 .5
3 -3 24.1 -27.5
i-J
3-14 9.9 9.5
3-15 3.1 -5.5
3-20 6.2 -3.6
5 3 3 53.1 53.0
5 3 4 15.3 -11.5
5 3 5 12.2 -11 .6
5 3 0 9.6 9.2
5 3 9 17.8 15.5
5 3 10 17.2 -15.5
5 3 -2 2.1 -6.1
5 3 - 3  18.0 19.3
25.2
•32.4
30.9 
16.3 -1 9.6
6 3 2 2.3 -2.86 3 3 6.9 -6.3
6 3 7 22.3 22.3
6 3 -1 17.6 -22.3
6 3-10 11 .4 -12.26 3-11 2.5 1.86 3-12 13.8 16.5 6 3-13 26.7 -24.7
6 3-17 8 .3 -1 !
7 3 - 3  17.6 -19 .1
7 3 - 7  21.3 19.8 
7 3 -3 12.3 10.8 
7 3 - 9  2 7 .B -29.6 
7 3-10 13.4 -16.9 
7 3-11 13.7 16.0
7 3-12 1.9 -2.6
7 3-13 9.2 7.9
7 3-14 10.4 13.6
7 3-15 15.4 -14.6
7 3-16 9.6 -8.3
8 3 -1  6.7 -6.1
B 3 -2 10.7 -10.9 8 3 - 3  13.0 13.8
P A R T  r)
PA R T I A L  X - R A Y  ANALYSIS 
OF T U B  STR U C T U R E  0 
131S -TETRA P MENYL A R S 0 NHIM 
MERCURIC T E T R A B R 0MIDE
5.1 INTRODUCTION.
In recent years, knowledge of the structures 
of* m e r c u r y  compounds has considerably Increased, mainly by 
x- ray work. There have been recent rev Lews of mercury- 
nitro g e n  compounds by Lipscomb ( 1 9 57 ) > o f' halogeno-' 
mercurate (11 ) compounds by Deacon ( I 9 6 3 ) . and a general 
r e v i e w  of the structural chemistry of mercury by 
Grdenic ( 1 9 6 3 ).
¥or k  on the coordinntion .and stereochemistry 
of mercury as part of a broad programme has been started 
at this laboratory, and is c o n t inuing elsewhere. Work 
done on m e r c u r y  in this Department includes the mercuric 
chloride adduct of perloline by Jeffreys et.al. (1963) and 
( 1 9 6 6 ), the mercuric chloride adduct of I ,6-dithiacyclo 
deca-cis-3, cis-8-dieno (Cheung and Sim, 1963), and also 
a series of mercuric halide adduets of various compounds 
by M c E w e n  ( 1965 ) .
The analysis of b i s - t e t r aphony1 arsonium 
mercuric tetrabromide described here has been undertaken as 
a part of this series of investigations. Mercury may be 
coordinated in this compound in two possible ways, either 
tetrahedrally or o c t a h e d r a l l y . it is to discover which 
of these two possibilities that the anal ysi s has been
I 1 6 .
undertaken, and also to discover whether the coordination 
is r e g u l a r  or dis t or tecJ .
The complex: is prepared by adding a
solution of one part of. mercuric bromide in ethanol to a 
solution of two parts of Letraphenyl arsonium bromide in 
ethanol. White crystals separah: out, and these are
wa s h e d  in ethanol, and pumped dry.
2 ( C 6H 5 )4A s Br + II(iHr2 --- >  ( C f)l I ) gA s 2 Hg
The crystals were analysed for percentage 
composition of m e rcury by the meth o d  due to Rauscher (1938). 
The percentage m e r c u r y  jaresent was found to be 15°7^°
The theoretical percentage composition of the crystals 
based 011 the formula shown gives a mercury content of 
15.6$.
5.2 EXPERIMENTAL
Bis- to truplit!ny 1 u r s 01 limn inorcuric
tetrabromide has m o l ecular formula 0, , AsdlgBr, ; the
18 T) 2 * h
m o l e c u l a r  weight is 1286.1, and the crystal melts at 
248°-2 5 2 ° (wi th decomposi 11 o n ) .
Rotation, oscillation, Woissonborg and 
precession photographs were taken with copper K-cC 
( \  = 1 .5^2 R) and molybdenum K-OC ( X = 0 .7 1 0 ? R) radiation. 
The unit cell parameters were determined from rotation 
and precession photographs, and in the latter case, the 
unit cell edges and angles were derived from the reciprocal 
cell parameters by the conversion formulae for triclinic 
crystals as listed by Buerger ( 1 (Ll 2 ) c From these, the 
following values were obtained
a = 1 3 . 2 9  _+ 0.0*1 R
b = 10.38 + 0.03 R
c = 10.18 _+ 0. Oh R
cL = 1 0 0 °  1 3 ’
9^°15 1
10 8 ° 2 5 »
The volume of the unit cell was calculated using the
expression
118.
)
and was found to be 1298 A ,
Since fclie crystal is t;r Ic.linic , there are 
no systematic absences, and so the space group may be PI 
or P 1 .
The density was Pound lay flotation to be 
1 .64 gm/ml. , end consequently, the number of molecules in
the unit cell is one. This number of molecules leads to
a calculated density of I.61 g m / m l .
The calculated linear absorption coefficient
_ 1
for copper K- o( radiation is 113.3 cm . The total number 
of electrons per unit cell, E(000), is 614.
The crystal is shaped like a long, narrow 
needle, and in order that absorption corrections might be 
made, the radius of the crystal was measured, and this was
found to be 0.03 cm.
Equatorial and equi-incli.na.tion upper layer 
W e i s s e n b e r g  intensity data were obtained by rotating the 
crystal, about the needle axis (c-crystal axis), the
reciprocal lattice nets hk.0 ,.......,hk7 and hk I  ........ . hk£>
being r e g i s t e r e d  in this manner.. All intensity data were 
collected using R o b e r t s o n ’s multiple I'ilni technique ( 1943). 
The intensities, measured visually by compar is on with a 
calibrated in tens.i t y s tr i p , we re corrected for- borentz, 
polarisation and rotation factors appropr iato 1, o the upper
r 2-------- 2-------- 2-------------------- :--
V = abc ( 1 - cos oC. — cos |*? - cos •y + 2cosoC cos c o s V
T he values ol' the structure amplitudes were obtained by 
application of the mosaic crystal formulae. Ln all, the 
total number of independent observed structure amplitudes 
that were obtained was 3002.
The various of | Eo| were placed on
the same scale by comparison of the observed and calculated 
structure amplitudes obtained from the Patterson function. 
Th r o u g h o u t  the refinement, the scale was -adjusted by 
c orrelation with the calculated structure amplitudes, to 
ensure that [Fo^ always equalled 2>d.
1 2 0 .
5.3 DETER M I N A T I O N  OF T H E  SPACE C R O U P .
The crystal is tric'l j.uic , and t he space 
group must therefore he PI or’ PI. Since there are no 
sys tetna t Lo absenoes , the cor rect sparie gr oup mus b be 
d e d uced by some other means . A method o l ‘ d j.s c o ve r trig 
wh e t h e r  a crystal is non-ceiL tros ymme tr Lea 1 or1 centro- 
symmetrical was deviser.] by llowelis, Phillips, and Rogers 
in 1950- They have shown that the Tract Lon N(z) of 
reflections whose intensities are equal to or less than
a fraction o f the local average differ in a non-
centrosymrrie tr ical and a cen tros ymme tr.ical crystal. 
Appropriately, this is called the 11N ( z ) T e s t ".
T tie fir a ctions N ( z ) of r e f' 1. e c 1 1 on s c an b e 
evaluated for the gLven crystal, and these can be compared 
with the theoretical distributions for n o n - c e n t r osymmetrical 
and centrosymmetrical crystals. In the case of a non-
cen tr os ymme tr i. cal crystal, the fractions N(z) are given by
l\f ( Z ) = 1 - e xp ( - z )
and in the case of a centrosymmetrica.1 crystal, by the 
function
N ( z ) = erf ( \z
1 2  1 .
The symbol ’e r f ’ represeubs the error runetlon (Lips on and. 
Cochran, 1957). The se two functions , wlii cli are shown in 
Table 1 differ a ppreciably from each other, particularly 
at lower values of z. These expressions apply only for a 
r a ndom d i s t r ibution of s cattering material in a unit cell. 
Intensities a re compared only with others having about the 
same value of 0  , and thus the .intonsiti.es are divided up 
into various zones of 0  0
T A P L B  1
V a l u e s ,( i n ^ ) ,of the two functions repr e s e n t i n g  N(z). 
z. 0.0: 0.1: 0.2: 0.3: 0.4: 0.5: 0 . 6 : 0 . 7 :  0.8: 0.9: 1.0.
a. 0.0: 9.5: 1 8 . 1 : 2^.9: 33.0: 39.^: 5. 1 : 50. 3: 55. 0:59. 3: 63. 2 .
b . 0 . 0 : 24 . 8 : 34 . 5 : 4 1 . 9 : 47 „ 4 : 52 . 1 : 56 „ 1 : 59 . 8 : 62 . 9 : 6 5 . 7 :. 68 „ 3 .
i
where a = 1-exp(-z) and b = e r f (7^ )2 *
In the case of bis - te tra.phen y 1 arsonium mercuric 
te tr abr ornide , the data were divided into four ranges of 
sin 0 . All values of s i n ©  less than 0.2 and greater 
than 0 o 9 were excluded. The four ranges of s i n 0  which 
were chosen were 0.2-0.4: 0.4-0.55; 0.55-0.7; and 0.7-0.9, 
and the total number of reflections in each range was 
3 09, 554, 746, an d 9 9 3 >' a -s P o c t i v ely.
The N(z) tests were carried out on the (Bol^ terms, and 
values for N ( z ) were evaluated for each r a n g e , for z =
0.1 to z = 1 .0 , where z is the average value of fFoj for 
each range of sin 0O The results obtained for these zones 
of sin 0  are shown in Tables 2, 3, 4 and 5. rFho average
values of N(z) for these four ranges, weighted according
to the n u mber of reflections in each range, are shown in 
Table 6 .
TABLE 6
Values, (i n $ ), of N (z ) for the crystal, 
z. 0.0 0.1 0.2 O.'j 0.4 0.5 0.6 0.7 0.8 0.9 1.0
N(z) 0.0 8.3 19.2 2 9 . 0  37.2 42.6 47.7 51.7 54.9 58.2 61,3
A comparison of these valuers of N(z) with the 
theoretical distributions for n o n - c e n t r o s y m m e t r i c a l  and 
centrosymmetrical crystals is shown in fig;. I. This 
comparison indicates that the crystal is probably non- 
c e n t r o s y m m e t r i c a l , and thus the space group of bis- 
tetraphenyl a r s onium mercuric te trabrornide is P 1 0
n o n - c e n t r e d
centred
n,,r/Vs„Uf;Br
Figure 1
0.2
0 .k 20.0.6
The figures given for N(z) in these four tables are 
actual numbers of reflectLoms .
T A B L E  2 ( s in 0  from 0 .2-0.4)
z . 0.0 0.1 0.2 0.5 o . 4 0 . 5 0. 6 0.7 0.8 0.9 1 .0
N ( z ) 0 62 8 5 I 06 125 139 1 54 1 65 173 1 87 1 9 5
T A B L E '3 («■in 0 from 0 .4-0. 55)
z . 0.0 0.1 0.2 0 . 2 0.4 0 . 5 0.6 0.7 0.8 0.9 1 „ 0
N ( z ) 0 100 177 207 2 37 2 66 2 89 3 l 7 3 2 2. 3 34 351
TABLE 4 ( s i n 0 from 0 .5 5-0 .7)
z . 0.0 0.1 0.2 0 . 8 0.4 0.5 0.6 0.7 0.8 0.9 1 .0
N(z) 0. 46 166 231 304 348 36 5 38 5 396 41 6 433
TABLE 5 (s in G from 0 . 7-0. 9)
z . 0.0 0.1 0.2 0.3 o . 4 0.5 0.6 0.7 0.8 0.9 1 . 0
N ( z ) 0 7 72 2 1 1 302 3 56 4 32 479 538 578 6 1 6
5 . ^ P A R TIAL SOLUTION OF T H E  S T R U C T U R E .
The three dime n s i o n a l  Pal I erson function was
calculated, and the resulting map was drawn up. Because
the m e r c u r y  a tom is located at. the origin, peaks will
appear on the P a t t erson map, wli i eh cor res pond to the
actual positions of the bromine atoms in the crystal. A
complication is that, peaks related by a centre of symmetry
at the origin will also appear. That is, for' each
bromine atom, peaks 'will appear at ( > Y[j > ^ B r ) anc^
( , y_, . ) .  If the mercury - b r o m i n e  coordination is
v Br Br B r 1
tetrahedral, then eight single weight peaks in the shape 
of a cube will be produced, whereas , if the mercury-brotuine 
coordination is squ a r e - c o p l a n a r  (i.e. i f the overall 
coordination for mercury is o c t a h e d r a l ) , then four double 
weight peaks in the shape of a square will bo produced.
Exam i n a t „i on of' the three dimensional Patterson 
map revealed eight p e a k s , approximately the same distance 
from the origin, and in the shape of a cube. Four of these 
peaks w h i c h  formed a tetrahedron round the origin were 
selected. The coordinates of the four bromine atoms thus 
determined are shown below, with the mercury' atom (which can 
be arbitrarily placed at the origin).
I 24 .
x/a y/b h / g
M ercury (1 ) 0.0000 0.00 00 0.0000
Bromine (1) -0.1970 - 0 .0 b 07 0.0337
Bromine (2 ) 0.0752 -0.20 19 0.072 7
Bromine (3) 0 . 1397 0. 242b 0.1138
Bromine (4) 0 . 0 2 7 0 -0.08 7 7 -0.2596
The positions of the interatomic vector peaks between 
these four bromine atoms were calculated, and these show 
up clearly in the three d imensional Patterson map.
Structure far; tors calculated employing 
these coordinates, and isotropic temperature factors of 
U - 0 . 04 , led to an overall agreement index of 42.7%•
A three dimensional Fourier synthesis was evaluated using 
the observed structure amplitudes and phase constants 
appropriate to these five atoms, and improved atomic 
coordinates were obtained for the four bromine atoms.
The crystal used I.o record the intensity 
data was quite large, having a diameter of 0.06 can. , and 
therefore it is possible that absorption of the x-rays by 
the crystal was fairly high. Corrections for this 
absorption, assuming that the crystal was a cylinder of 
radius 0.03 cm., were now carried out in the manner 
del,ailed in .1 11 te rnati onal 'fables for X-Ray Crystallography , 
Volume 11 to The value obtained for 1A.P was 3.7.
U s i n g  the absorp t ion corrected In ttMisity data, 
w i t h  the coord i nates tor the mercury and the; four bromine 
atoms obtained .from the. first F o u rier synthesis, a second 
cycle of structure factor's was calculated; the agreement
index, obtained was 3 7.9$.
The second Fourier synthesis took the form of' 
an lFo| - jFc{ map, and ‘the coordinates obtained from 
this were included in a third structure factor calculation, 
leading to an agreement index of 3 3.8$. In both of these 
structure factor c a l c u l a t i o n s , overall isotropic 
temperature factors of TJ = 0.0k K.*' were employed.
From a third F o u rier synthesis, based upon the
observed structure amplitudes, coordinates for the mercury
and four bromine atoms were o b t a i n e d . 'three cycles of 
least squares refinement of the positional and thermal 
parameters were then carried out, using- anisotropic 
temperature factors. This .led to an agreement index of
2 8.9$.
Several attempts were made to locate the two 
arsenic atoms, but these met with no success. Since the 
purpose of the analysis was to discover how the mercury 
atom and four bromine atoms were coordinated, and to 
examine this coordination for any d i s tori, i on , i t was decided
I 2 6 .
at this stage to postpone further work on this project.
A d i a g r a m m a t i c  represen tation o I* the course of the analysis 
up to this stage is given in Table 7»
For the structure 1act o r e;11e 111a t 1 o n s , t h e 
t heoretical atomic s c a t tering factors of Thomas-Fermi 
( 1 9 3 5 ) for bromine and mercury were used.
The w e i g h t i n g  scheme used in the least squares
re f inernen t was tha t o f Crui cksh ank e t . al . ( 1 96 1 b ) ; in
this
\fw = 1 / ( P n +f + P2 * h'2 ) 2 
The values which were used for the. constant terms were 
p = 2 - F m in = 6 . 7 0
p^ = 2/F rnax = 0.014
TABLE 7
C OURSE OF TH E  ANALYSIS
OPERATION ATOMS INCLUDED
3D P a t t e r s o n  Synthesis - - - - _
1st 30 F o u rier Synthesis Mg + 4 ( Itr) 42.7
2nd " " ,r 35.9
(and a bsorption correction)
3rd 3D F o u r i e r  Synthesis " 33.8
1st Least Squares Cycle " 31.1
2nd " " " 29.7
3rd " " " 28.9
I 2 7.
5.5 RESULTS OF THE A N A L Y S I S .
The final atomic coordinates and anisotropic 
temperature factors given by tlie least squares refinement 
are listed in Tables 8 and 9 respectively. The standard 
deviations of the final atomic coordinates, gi ven in 
Table 10, were derived from the least squares totals as 
shown in Section 1.9.
The mercury-broinine bond lengths and interbond 
angles are listed in Tables 1 1 and 12, arid the 
intramolecular non-bonded contacts between the bromine 
atoms are listed in Table 1 'j. The standard deviation 
for a typical bond length is 0.02 K , arid the standard 
deviation for a bond angle is 1°.
T h e o b served and calculate d strvic t u r o am pi i t ud e s 
are listed in Table '\k , these being the values obtained 
from the last least squares cycle. The1 final agreement 
index, calculated over 8002 observed structure 
am pi i t ud e s , is 2 8 . {)'f).
5.6 DISCUSSION OF T HE R E S U L T S .
Six ions of the a tonus of groups 1A and IIA of
O -f- “f 2 "I" "f" “f"
the periodic table , namely Zn"~ , Cd , IIg , Cu , Ag and 
A u + , have complete d — s hells . 'Phis s plier i. cat 1 y symmo trical 
a rrangement may be expected to .lend to simple ster e o ­
chemistry; that is, the cojifigurat i ons corresponding to 
one-, two-, three - , tour-, five- and six-told coordination. 
In the case of' mercury, a marked preference is displayed 
for two-fold coordination, although four-fold coordination 
is also common.
In addition to this preference for a certain
type of coordination, mercury also tends to adopt
configurations which are distorted in some manner from the 
regular p a t t e r n .
The object of the presen I. .structure analysis was 
to discover whether the mercuric ion was octahedrally or 
tetrahedrally coordinated, and also to discover whether 
any distortion had occurred, and if so, to what degree, 
A l t h o u g h  the analysis has not been completed, sufficient:
w o r k  has been done on the project to determine the answer
to this problem. From an exani.lnu. t i on of the results, it 
can be seen that in the case of' b i s - t o t r a phen y 1 a. r son .i urn 
mercuric tetrabromi.de, the mercuric ion adopts a distorted
tetrahedral c o n f i g u r a t i o n , and consequently this discussion 
w ill be d e v oted to the four-fold coordination of mercury 
in general, w i t h  particular reference to mercury-bromine 
distances and angles.
Almost completely regular tetrahedral coordination
of the mercuric ion has been reported i ji two cases. These
are the rnercur ichlori.de derivative of the alkaloid perlolihe
2 _
(Jeffreys et.al. , 19t>'_3 and l(j66) , in which the HgCl^
anion is suffi c i e n t l y  isolated from th.fi rest of the molecule 
to resist distortion, and red mercuric iodide (Huggins and 
M a g i l l , 1927). in the mercuric iodide, the crystal
structure is composed of an infinite array of fully "corner- 
linked" tetrahedra. In most other structures containing 
f our-fold mercury coordination, tin.; tetrahedron is 
extremely irregular. This distorted tetrahedral arrange­
ment round the mercury atom is very clearly illustrated 
in the structure IlgCl^^ , reported by Branden,
( 1 9 6 3 ), and in the s truc ture jjIgC 1 11r ) ,^As(jj ^  , also
i n v e s tigated by Branden, ( 196^)°
The bonds in tetrahalornercurates can be regarded 
as being formed by m e r c u r y  sp^-hybrid orbitals. Once 
these orbitals have b een used for flT-bonding-, there is a 
p ossibility that ‘7C - bond ing may occur between filled
I '30.
metal orbitals and empty ligand or!.) i. tals„ Formation of 
nx- bonding will be instrumental in reducing; the length of 
a mere ur y -1 i g and b ond , and v a r yi ng; am oun t s o n r  -bonding 
in a complex will lead to different bond lengths between 
the central mercury atom and the different ligands 
Q^Orgel, i9 6 0 ) and (Cotton, „
In the case of b i s - t e t r a p h e n y 1 arsonium mercuric 
tetrabromide , the mer c u r y - b r o m i n e  bond lengths fall into 
two distinct categories —  short and long. The IIg-T3r(l) 
and the IJg-Br(3) distances are 2 . R and 2. 56 R 
respectively, while the Hg-Br(2) and the JJg-B.r(^-) distances 
are 2.80 $ and 2.7k R respectively. The variation in 
these interbond distances may be explained by assuming that 
d ifferences in the vr -bond order of the various bonds have 
occurred, and exam i n a t i o n  of the interbond angles (see later 
in this section) seems to provide a measure of confirmation 
for this hypothesis. Mercury-bromine bond, lengtiis in the 
r e g i o n  of 2«h 5 R — 2.5.5 R have been reported in the structure 
of (CH ). N.llgBr w h i c h  contains recognisable planar MgBr
J H* J Rj
o
ions (White, 1516 3) , where the reported value was 2.52 A. 
L o nger mer c u r y - b r o m i n e  distances in the region of 2.75 R- 
2.8 5 R have been found by Me Ewe 1 ( 1 9 6 5 ) In the structure of
d i br 01110 bis t hi ou re ame r cu ry ( I I ) , in which one of the rnercury- 
bromine d is t an ces is 2.81 X .
Four of the six Br-Hg-Br interbond angles 
approximate to the tetrahedral value of 1 0 9 ° 2 8 ’, but 
the r e m a i n i n g  two deviate s ignificantly from this figure. 
The B r (1)- H g - B r (3) angle is 12 1.9° end the B r (2)- H g - B r (4) 
angle is 90.4°. I f variations in I.lie T^-bond order in 
the different me r c u r y - b r o m i n e  bonds are assumed (see this 
sec t ion-page 130) then it w o uld be expected that repulsion 
be t w e e n  the interbond electron clouds would vary in 
magnitude. Therefore, the angle be tween the two shorter 
bonds might be expected to be greater- than tetrahedral, 
and the angle b e t w e e n  the two longer bonds to be less 
than tetrahedralo This type of distortion, in which four 
angles r o u n d  a m e r c u r y  atom are a p p r o x i m a t e l y  the same 
and one is signif i c a n t l y  smaller, and one is significantly 
larger has been observed by Branden in 1983 and 1964.
A l t h o u g h  only a limited amount of work has been 
done on this compound, nevertheless, the estimated standard 
deviations of the bromine atoms are quite small, and thus 
a d i s c u s s i o n  of the irregularities of the coordination of 
the mercu r i c  ion is permissible. Further discussion of 
the complex must be postponed until more detailed 
information concerning the molecular geometry has been 
obtained 0
TABLE 8.
BXS-TETRAPHENYL ARSONIUM MERCURIC TETRABROMIDE.
F I N A L  ATOMIC COORDINATES
ATOM
Hg( 1 ) 
Br(l) 
Br(2) 
Br ( 3 ) 
Br (4)
x/a
0.0000 
•0 . 1974 
0 .0748 
0.1386 
0 . 0 2 5 5
y/b
0.0000 
- 0 . 0 3 8 2  
-0.2035 
0.2 376 
- 0 .0846
z/c
0.0000 
0.02 58 
0.0752  
0. 109 6 
-0.2624
T A BLE 9-
B I S - T E T R A P H E N Y L  ARSONIUM MERCURIC TETRA BR 0 M T DE
F I N A L  ANIS O T R O P I C  TEMPERATURE F A C T O R S .(ff2 ).
ATOM.
u n
U 22
u yj
2 U 23
2 U 3i 2 U ,2
Hg( 1 ) 0.022 1 0.0183 0.0142 -0.004 5 - 0 .0009 0.0103
Br( 1 ) 0.0248 0.0423 0.0181 0 . 0 1 7 6 0.0172 0.0131
Br (2 ) 0.0,578 0.0434 0.0404
r-,\
OO
0 .0086 0 .0403
Br(3) 0 . 0 3 6 6 0 . 0 1 9 0 0 . 0 3 6 0 -0.0127 0.0042 0 . 0 0 4 7
Br (4 ) 0 .0554 0.0494 0.0311 0.0070 0.0041 0 .0299
TABLE 10.
BIS-TETRAPHENYL ARSON!UM MERCURIC TETRABROMIDE .
STANDARD D E V I A T 10N S OF
T H E  F I N A L  A T O M I C  COOK’ D I N A T E S  . ( X' ) .
ATOM. (j>( x ) 5*( y ) <*>.)
Hg( 1 ) 0. 000 0. 000 0. 000
Br ( 1 ) 0.012 0 . 0 1 3 0 .016
Br ( 2 ) 0.012 0.014 0 . 0 1 6
Br ( 3 ) 0.012 0 . 0 1 3 0 . 0 1 6
Br ( 4 ) 0.012 0 . 0 1 3 0 . 0 1 5
TABLE 1 1 .
B I S -TETRAPI TENYL ARSONIUM MERCURIC TETRABROMIDE . 
BOND L E N G T H S .( X ).
1lg( 1 ) - Br( 1 ) 2 . 54 H^( 1 ) - Br( 8) 2 . 56
H g ( 1) - B r (2) 2.80 H g ( 1) - Br(4) 2.74
BIS-TETRAPI IENYP ARS ONIUM MERCURIC TETRA BROMIDE 0
BOND A N G L E S .(° ).
Br( 1 ) - UffO ) - Br(2) 1 09 . 6
Br( 1 ) - H ff(l ) - Br('j) 12 1.9
Br ( 1 ) - iir;( 1) - B r (4) 111.0
Br (2 ) - Hg(l ) - Br-(3) 107-7
Br ( 2 ) - Hg(l ) - B r (4 ) 90.4
Br ( 3 ) - Hg(l ) - B r (4) 111.7
T A B L E  1 3 .
B IS-TETRAPIIENYL ARSON I. DM MERCURIC TETRA BROMIDE , 
NON - B O N D E D  CONTACTS BETWEEN BROMINE A T O M S .(X ).
Br( 1 )  Br ( 2 ) 4.17 B:r(2).......Br('j) 4.33
B r ( 1.) .....Br(3) 4.47 B r ( 2 )  Br(4) 4.33
Br( 1 )  Br ( 4 ) 4.36 B r ( 3 ) .......Br(4) 4.39
t a b l e  14 ( O v e r l e a f ) .
BXS —T E T R A P H E N Y L  A R S O N I U M  M E R CURIC T E T R A B R O M I D E . 
T H E  OB S E R V E D  A N D  C A L C U L A T E D
STRUCTURE' AMPLITUDES.
H K L Fo H K L Fo
? 0 &
19.3 86.4
44.9 41.3 
68.7 50.3
40.9 33.8
'Hi
I S %
! I
o 67.1 53.7
0 9.2 9.4
0 110.2 1’ 9.6
0 183.6 125.3 
0 155.7 124.4
0 43.2 20.8
75.1 86.3
16.2 30.2
12.9 9.9
69.9 66.0
32.8 41.2 
30.3 24.5
34.8 42.5
32.9 47.0
54.7 
39.5
ll:\
31.8
11:1
85.3
o 134.8 45.7
0 152.7 69.6 
0 94.0 41.9 
o 102.8 65.9 
0 56.7 73.7 
o 55.9 53.1 
o 26.9 35.6 
0 14.7 27.4
0 102.4 76.8
O 143.1 128.2 
0 225.4 162.1 
0 51.6 75.4 
0 26.0 16.7 
0 73.9 76.1
0 56.9 74.6 
0 19.4 16.8
0 20.4 28.2? 34*6 33*3
74.6 79.6
67.8 31.9
76.0 18.3
85.0 44.4
12.8 37.3 
69.3 S i.9
5 - 1 0  113.3 72.3 
5 - 2 0  140.1 138.7
E:! it;
23.9
54.2 
18.8
23.2 
20-3
6 -2
i:l
79.8
39.7
42.3
2<m
i -6 0 120.2 74.6
8-10
8-11
8-12
16.7 34.0
24.4 36.4
20.9 52.6
21.7 40.2
58.4
59.6
55.7
P6o.7
S3
o -7 
0 -9
44.6 54.2
18.3 21.9 
22.1 2$.6 
22.0 29.0
68.7 65.6
19.3 50.1
30.5 4» .i
39.4 59.2
23.8 33.9
20.2 21.4
18.7 35.0
21.4 39.0
32.7 51.6
40.2 39-5
19.8 35-8
27.1 40.3
11.2 24.5 
21.7 27.4
58.9 55-0
38.1 33.6
71.4 62.7
32.2 32.3
59.6 75.0 
73.0 f i | . i
21 ’.7 24.3
31.6 41.2
28.9 46.8 
26.3 38.8
20.7 32-9
31.6 34.6
39.5 49.7
23.8 38.0
42.5 37.1 
18.3 19.4
23.' 34.6
55.7 58.4 
8u.8 78.6
32.2 42.9
83.3 67.4
140.4 26.3 169.2
120.0 121 .7
89.5 57.9 
131.9 75-4
38.2 15.3 
53*7 49.8
66.5 57^1
38.5 28.4 
§6.3 45.6
29.6 36.6
37.5 31-4 
1’ 7.9 122.5
71.9 118.5
111.2 133.7
154.2 139.0
156.0 114.9 
157.7 81.8
12.1 75*5
77.5 60.0
III
66.8
39.8
51.9
1«9.8 149.6 
27.6 36.8 
29.9 40.9
5 -2  
1:1 
S3
5 -7
6 -5 
6 -6 
6 -7
7 -5 
7 -6 
7 -7
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